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XXVIII. On the Ascent of Hollow Glass Bulbs in Liquids. 
By Epuunp J. Mitts, D.Sc., F.R.S.* 


1. WHEN a hollow glass bulb is detained at some depth 
below the surface of a liquid and then released from its 
position, it rapidly acquires a sensibly uniform velocity ; 
and the motion continues to be characterized by such velo- 
city until the surface is reached or nearly reached, the 
velocity at that time being much accelerated. The bulb next 
rises somewhat out of the liquid and then falls; oscillating 
thus, until it finally comes to rest under the usual conditions 
of a floating body. In the present paper I propose to give 
an account of an experimental investigation which has refer- 
ence to the stage of uniform velocity. 

2. The bulbs I have generally employed consist of Fig. 1. 
lead glass, and have, as will be seen in the accom- 
' panying figure, a somewhat pyriform shape; the 
stalk terminates in a hook, which carries an adjusted 
glass weight. A few small projections are sealed on 
to the body of the bulb in order to prevent too close 
accidental contact with a wetted boundary. In work- \ 
ing with these bulbs, I have always effected the de- Scale 3. 
pression with a piece of glass tubing, and find that 

* Read May 14, 1881. 
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after some practice, it is seldom an experiment is lost by lateral 
divagations of the bulb. It is necessary that all the surfaces 
be clean. 


I. Change of the Diameter of the Reservoir. 

8. A series of glass cylinders having been selected, their 
mean diameters between two fixed marks 220 centimetres 
apart were determined. These marks were ruled at places 
sufficiently distant from the surface and bottom of the liquid 
to ensure the uniformity of the motion observed between them. 
The liquids were first heated a little above the temperature 
desired for the experiments, then poured into the cylinders; 
and these were immersed in a much larger glass vessel con- 
taining water of very nearly the same temperature. The 
thermometers used could be read directly to tenths, and to 
hundredths by estimation. The times were taken with a me- 
tronome beating thirds of seconds. 

4, The following experiments were made at 16° with a mix- 
ture of alcohol and water of sp. gr. ‘9120 at that temperature ; 
they are compared in the table with numbers calculated from 
the equation 


(t—7T)?=c, 
(t—6°10)d?= 23°59. 
TABLE I. 

d. t obs. t cale. 
BOO Weeds eeu 6°56 6°84 
7G Benccceteees 6°83 7°18 
as Y GM er sbe 8:17 8:18 
Clas aucdaesereee 8°62 9°13 
2ZO Wie teees essve e's 10°97 


Probable error of a single experiment, 0°44. 

The experiments were actually made on a height of 11 
centim.; and the values obtained for ¢ were half those given in 
the table. Each result is a mean of seven determinations. 

From the above comparison, it appears that the product of 
the number of seconds ¢ (less a constant T) into the square of 

_the diameter d of the cylinder is a constant quantity c. The 
time of ascent through a cylinder of infinite diameter would 
have been t=6'10 seconds. The law, however, shows indica- 
tions of failure when the diameter is narrowed to 2:2 centim. 
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5. Table II. contains the results of some experiments with 
recently-boiled water, at 15°, and another bulb. ‘The time is 
Each result is a mean of these deter- 


calculated to seconds. 
minations. 


| 


TABLE II, 
t obs. 


Saeneas 41-0 


Equation, (t—25°95)d?= 64:56. 

Probable error of a single experiment 1°29. 

Sum of the errors (¢ obs. —¢ calc.), +0°08. 

The last two numbers suggest the same remark as in (4). 

6. A sample of hydrocarbon-oil was next tried, a different 
weight and bulb being used. Lach result is a mean of six 
determinations. The sp. gr. of the oil was ‘9120 at 16°, « e. 
the same as that of the mixture of alcohol and water referred 


to in (4). 


[2:20 .... 


TABLE III. 


t obs. 


Equation (¢—22°96)d?=270°65. 
Probable error of a single (1-4) experiment, 0:37. 


t cale. 
26°17 
26°71 
27°97 
28°80 
31°63 
34°24 
39°20 


t calc. 
31°41 
34°91 
46°80 
57°73 
78-88] 


II. Change of the Unbalanced Pressure. 
7. The unbalanced pressure, to which the ascent of the bulb 
is due, can be conveniently changed by increasing or dimi- 
nishing the weight attached to the bulb. If we take a centi- 
metre as the unit of volume, and understand by 6 the mean 
density of (bulb + contents + weight) referred to that of the 


x2 
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liquid as unity, then (1—85)=p may be termed the “ unba- 
lanced unit pressure.” 

The following experiments were performed with a bulb of 
the usual size, recently-boiled water at 11°5 being the liquid. 


The diameter of the cylinder was 5°66 centim. ; the times are | 
stated in half-seconds; and each result is the mean of seven | 


determinations. 
TABLE IV. 
t. Dp: tp*. 
De castes es Sense TUREOS 0025946 
20 i ini te ‘00810 0026244 
Foil Rone ary "00569 0026225 


Equation, tp? =c=:0026138. 

Probable error of c, 0°25 per cent. 

8. Another set of experiments was carried out in the same 
cylinder, under nearly the same conditions, with five varia- 
tions of weight. Each result is the mean of five observations 


of ascent through a height of 16°5 centim. The times are 
stated in thirds of seconds. 


TABDESV: 

t. Dp. tp’. 
TO ivovacecesee 00438 00029735 
SOs ese aes ‘00310 00029791 
GOOG vee eckices 00223 "00029844 
Dee essceeerae 00177 "00029705 

TEG2 teccseceeteaes 00143 ‘00029806 


Equation, tp? =c=°00029776. 

Probable error of c=*000000169=0:06 per cent. 

The product of the square of the unbalanced unit pressure 
into the time is therefore a practically constant quantity. 


III. Change of Content. 


9. In all the experiments above recorded the bulb contained 
air, probably at a pressure slightly below that of the atmo- 
sphere. The mean density of (bulb + contents + weight) is 
of course affected by the contents of the bulb, and then also 
the rate of ascent. 


If we regard as correct the mathematical relation last 
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arrived at (8), it is easy to deduce from it an equation which 
involves the specific gravity of the contained gas. Assuming 
other conditions to remain unchanged, the density of the gas 
is 


y=A+B = 


In this expression ¢ is the time of ascent through the con- 
stant height for any particular gas, @ the time of ascent cor- 
responding to a gas of density A, und B the density of a 
gaseous content which just fails to let the bulb sink. It is 
convenient to put A=0, which corresponds to the bulb being 
vacuous ; B and @ are then deduced, as the “‘ constants of the 
bulb,” from two independent determinations. 

10. In order to change at pleasure the contents of the bulb 
its form was slightly altered, as shown in fig. 2, and 


its volume enlarged. The two stoppers with which Fig. 2, 
it was furnished were coated, on their ground sur- 

faces, with a scarcely perceptible film of grease; | 
the operator’s hands were encased in gloves; and 

every experiment was carried out as speedily as pos- 

sible. The gases were employed in the dry state, at 

an average barometric pressure of about 75:7 cen- 

tim.; in the following table their densities are referred 

to hydrogen. Each result is a mean of several de- 
terminations; and the times are given in thirds of Scale }. 
seconds. 


TaBLe VI. 

Gas. y found. y: o. 
Carbonic dioxide... 21°81 22:00 a2 
Oxy cent See -aneeeess VIEL 16°00 38°2 
NAY wclceeterets scone 14°13 14:50 30°6 
Water-gas .....600. 6°44 6:00 23°0 


The equation is y=26:032 Ke 


Probable error of a single comparison, 0°51. 

Great accuracy in work of this kind is, of course, out of the 
question; but for approximate determinations, when only very 
small volumes of a gas are available, the method will probably 
be advantageous. 


s 
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11. The following set of experiments has reference to a 
medium consisting of two mixed liquids, the rate of ascent of 
a bulb in each of which separately is known. One of the 
liquids was castor-oil, the viscosity of which is very consider- 
able; to 100 parts of this, successive quantities z of linseed-oil 
were added so as to gradually reduce the viscosity. The uni- 
form temperature was 12°°4, By separate experiments with 
the oils it was found that, if ¢ were the rate of ascent of the 
bulb in seconds per centimetre, » the rate for linseed, a the 
unbalanced unit pressure in castor, and @ the change in that 
pressure for every unit of linseed added, then 

(t—2) (a+ Bz)? =c, \ 
(t—'32335)(:09122 + 00169z)?= 034376, 
are equations which fairly represent the experiments. 


TaBLE VII. 

t. z taken. z calc. 
A ADADA Micanacces<e « 0:0 0:0 
3°10027 «2... RORORE Ll 11°9 
Ap AWE Be rer PEA 25:0 AS | 
27585 ascesseresss 42°9 46:0 
1°22 140 eecces arenes ONG: 61°8 
O°S250D =. ceccceerees © ra) 


Probable error of a single comparison, 1°7. 

Sum of the errors, +0°3. 

12. Castor-oil presents the remarkable property of recover- 
ing its normal viscosity very slowly after heating. A sample 
of the oil, through which a bulb rose in a known number of 
seconds per 22 centim., was heated to a temperaturé not ex- 
ceeding 80°, and cooled to its previous condition. The bulb 
now took ten seconds less for its ascent. After a day’s repose 
it rose again in the oil with its original velocity. ; 

13. The fundamental formule given in this paper admit of 
easy extension to other cases. I have, for example, found in 
the ascent of a hollow glass bulb a good indication of the 
maximum density of water, and of the amount of dissolved 
matter in saline solutions; and it could obviously be applied to 
determine the specific gravity of solid bodies. 

The experiments which I have recorded show clearly that 
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the rate of ascent of a solid through a liquid depends, not only 
upon the density of the liquid, but upon some other property 
—probably the viscosity. When the ascending solid approxi- 
mates in diameter to the diameter of the reservoir, special retar- 
dation occurs, and some new law controls the motion. The com- — 
mencement of this retardation is earlier with oils than with 
water, earlier with water than with alcohol and water—earlier, 
in short, when viscosity is greater. In reservoirs of sufficient 
diameter, the rate is inversely proportional to the square of 
the altered condition. 

My thanks are due to Messrs. Ellis and Smith for their aid 
in this investigation. 

Glasgow, March 1881. 


XXIX. Change of State: Solid-Liquid. By J. H. Poyntina, 
Late Fellow of Trinity College, Cambridge, Professor of 
Physics, Mason College, Birmingham. 

[Plate XIII.] 


Two distinct types of change of state from solid to liquid 
have usually been recognized. The most familiar of these 
is the ice-water type, in which, as the temperature rises, 
the solid remains quite solid up to the melting-point ; when 
this is reached it begins to melt at the surface, and the tem- 
perature remains constant till the whole is liquid, when the 
temperature again rises. Corresponding to this change of 
state there is a definite latent heat. In the second class of 
bodies, of which sealing-wax and phosphorus are examples, 
there is a gradual softening as the temperature rises; and this 
softening takes place throughout the mass. There is no definite 
arrest of the rise of temperature, and no definite latent heat. 

It has sometimes been supposed that the ice-water type is 
. merely a limiting case of the sealing-wax type, where the 
softening takes place, but through a very small range of tem- 
perature. Prof. Forbes held this view, and by it attempted 
to explain regelation ; but subsequent experiments have not 
supported the theory, and I believe it is now generally aban- 
doned. 


Since, in the ice-water form of change of state, fusion only 
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takes place at the surface, it seems much more probable that 
it is an exchange phenomenon analogous to the change which 
takes place when water is evaporating, according to the kinetic 
theory. Just as in the case of water-steam, a steady state 1s 
reached when the number of molecules escaping from the sur- 
face of the water into the gas is equal to the number passing 
from the gas into the water, so in the case of water-ice a steady 
state (that is to say, the melting-point of ice) is probably 
reached when the number of molecules passing from the ice 
into the water is equal to the number passing from the water 
to the ice. For the analogue of the sealing-wax type of melt- 
ing we must probably take the change of state which takes 
place in a liquid-gas above its critical point, where it changes 
gradually from a state rather liquid than gaseous to a state 
certainly gaseous. 

In this paper I shall attempt to support this view of solid- 
liquid change of state. The following is a summary of the 
argument and the conclusions arrived at. 

It is assumed that the maximum vapour-tension of a sub- 
stance at any temperature is an indication of the number of 
molecules crossing its surface in a condition to escape. Now 
Regnault’s experiments show that at 0° ice and water have 
the same vapour-tension; that is, the number of molecules 
crossing the surface of the ice ready to escape is equal to the 
number crossing the surface of the water in the same condition. 
Hence, when the two are in contact at 0°, the interchange of 
molecules is equal. For temperatures below 0°, Kirchhoff has 
shown that the vapour-tension of water is greater than that of 
ice, and above 0° it is less than that of ice—if ice can exist. 
(Another proof of this theorem is here given.) It is, then, easy 
to give a general explanation of the phenomena of melting 
and freezing by supposing that, if the temperature is not at 
the melting-point, the substance in the state with the greater 
vapour-tension will lose at the expense of the state with the 
less vapour-tension. 

To explain the alteration of the melting-point by pressure, 
we must suppose that pressure alters the vapour-tension, and 
therefore the rate of escape of molecules, and that this altera- 
‘ion is different for the two states. Sir William Thomson has 

hown that a liquid in a capillary tube is in equilibrium with 


CHANGE OF STATE: SOLID-LIQUID. 273 


its vapour at a greater or less tension than at the plane sur- 
face according as the surface is convex or concave, upwards, 
and has given a formula for the difference. Accompanying 
this curvature of surface is a difference of pressure in the 
liquid; and I suppose the variation of vapour-tension to be due 
to the difference of pressure. A proof is given of Sir W. 
Thomson’s formula, which seems to bring out more clearly the 
connexion of the phenomenon with the pressure, and which 
seems to apply to solids as well as liquids. According to this 
formula, the steady state (the melting-point) may be reached 
at any temperature if the pressure can be so adjusted that the 
vapour-tensions in the two states at that temperature and 
pressure are equal. The resulting lowering of the melting- 
point by pressure agrees in amount with that given by the 
well-known formula of Prof. J. Thomson. 

It follows from this mode of regarding the subject, that, if 
in any way the ice can be subjected to pressure while the water 
in contact with it is not so subjected, then the lowering of the 
melting-point per atmosphere is about 11} times as great as 
when both are compressed. I give the results of some expe- 
riments which I have made to test this, and which certainly 
seem to indicate that the fall of melting-point is much greater 
than the amount usually supposed if the ice alone be com- 
pressed. 

The isothermals for ice-water are then discussed. It has 
been supposed that, if we could employ a sufficiently low tem- 
perature and high pressure, then ice would pass continuously 
into water ; that is, the isothermals would have no horizontal 
part corresponding to a mixture of ice and water, and we 
should have a critical point. Assuming, however, that a mix- 
ture of ice and water completely freed from foreign gases can 
be subjected to great negative pressure or tension, it seems 
probable that there is another critical point at a temperature 
above 0° and at a high negative pressure; that is, the water- 
ice line is a closed curve. We know that below 0° the water 
isothermals can be prolonged below the horizontal portion, 
since water is unfrozen in certain cases,—and that the ice iso- 
thermals can be prolonged above the horizontal portion; for ice, 
at 0° say, can be suddenly compressed without melting in the 
interior. This suggests that the true form of the isothermals 
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is a continuous curve, of the nature which Prof. J. Thomson 
has suggested in the case of liquids and their vapours. 

If we suppose that the curves are continuous in the same 
manner for ice-water above 0°, then Prof. Carnelley’s “ Hot 
Ice” would seem to be represented by the prolongations up- 
wards of the ice isothermals beyond the horizontal line to 
where they meet the line of no pressure. ‘The critical point, 
which certain assumptions roughly fix at about 14° C., would 
then be an upper limit, or rather above the limit, to the tem- 
perature of hot ice in a vacuum. 

In conclusion, it is pointed out that the sealing-wax type of 
melting is probably similar to the change of ice into water 
below the lower, or above the upper, critical points, if these 
exist. 


Melting and Freezing of the Ice-water Type at ordinary 
Temperatures and Pressures. 


It seems to have been conclusively proved by experiment that, 
in bodies of the ice-water type, change of state, either from solid 
to liquid, or the reverse, takes place only at the surface, or ata 
surface separating dissimilar portions. This would also seem to 
follow from the fact that the change of state always requires a 
certain finite amount of energy to be abstracted from, or sup- 
plied to, the mass without alteration of temperature. In the 
middle of a homogeneous body, where the temperature varies 
gradually, we must have the energy per unit of volume a con- 
tinuous quantity as we pass from point to point. Hence, when 
at any point there is sufficient energy per unit of volume to 
change the state, either the surrounding temperature must be 
far above the ordinary temperature for change of state, or the 
surrounding substance must occupy an intermediate condition 
between the two states. On the former supposition we should 
certainly not have the ordinary change of state, though some- 
thing of the sort may occur in the case of Dr. Carnelley’s “hot 
ice ;” and in the latter we should have the sealing-wax type, 
and no signs of this have been observed. 

Since, then, change of state is a surface phenomenon, we are 
led at once to connect it with the escape of molecules which we 
know to be always taking place from the surface, as indicated 
by the definite vapour-tension which the body possesses, 
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whether solid or liquid. Now Regnault’s experiments have 
shown that at 0° ice and water have the same vapour-tension, 
and at the same time a mixture of ice and water at that tem- 
perature maintains the same proportion between the two con- 
stituents as long as no heat is allowed to pass into or out of it; 
that is, as many molecules escape from the water into the ice 
as pass in the opposite direction from the ice into the water. 
We seem, then, to be justified in assuming that the number of 
molecules coming up to a given surface with a sufficient velocity 
to escape is indicated by the maximum vapour-pressure at that 
temperature. 

Now suppose that we have a mixture of ice and water 
below 0°. Kirchhoff-has shown (Pogg. Anz. ciii. p. 206) 
that below 0° the vapour-tension of water exceeds that of ice 
by ‘044 millim. of mercury per degree; and his reasoning 
will equally prove that it falls below it by the same amount 
above 0°, if ice can exist at such a temperature. Prof. J. 
Thomson has subsequently (Brit. Assoc. Report, 1872, p. 24; 
Proc. Roy. Soc. 1873; ‘Nature,’ ix. p. 392) arrived at a similar 
conclusion independently. A proof differing in arrangement 
from Kirchhoff’s, and following out rather the line indicated 
by Thomson, will be given below. 

In a mixture, then, of ice and water below 0°, since the 
water has the greater vapour-tension, more molecules will 
cross the surface from the water to the ice than in the opposite 
direction. The ice will therefore gain, while the water loses. 
At the same time the molecules will possess less energy when 
arranged as ice. Hence the temperature of the whole will 
rise, and this rise will go on till 0° is reached, when there is 
once more equilibrium—or till the whole is converted to ice, 
if that condition be previously reached. This seems sufficiently 
to explain the action of a small piece of ice dropped into water 
- below 0°; and the fact that the change of state is a surface 
phenomenon seems to show that the presence of some ice is 
necessary to commence change of state. 

If a mixture of ice and water at 0° be supplied with heat, 
as soon as the temperature rises ever so little above 0° the 
equilibrium of exchange is destroyed; for the vapour-tension 
of ice becomes greater than that of water, and therefore the 
number of molecules entering the water from the ice is greater 
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than the number going in the opposite direction. But since 
the water arrangement requires more energy, heat is absorbed, 
and the mixture has a tendency to fall back to 0°. 

Before going on to discuss the effect of pressure on the 
melting-point, I give a proof, with a somewhat more general 
result, of Kirchhoff’s formula, 

do! da 


yraacor = ‘044 millim. of mercury, 


where @ is the maximum vapour-tension of ice, and @ that of 
water. 

Start with a volume v of water at temperature —¢°. Let it 
evaporate, always at the temperature —?°, in a cylinder which 
it does not wet, at its maximum vapour-tension #, which we 
suppose to be maintained by a piston. Let the ultimate 
volume of the water-vapour be V. Then the external work done 
in the expansion is a (V—v). 

Now let the vapour further expand, always at the same 
temperature and in equilibrium with the pressure, till we have 
reached a volume V’ at the maximum vapour-tension o’ of 
ice. Assuming Boyle’s law to hold, the work done in this 


expansion is a’ V’ log ; and this would be 0 if o=o’. 


Now introduce a particle of ice at —é° into the cylinder, 
and condensation into ice will go on till all the vapour has dis- 
appeared. Ifthe ultimate volume of the ice is v’, the work 
done on the substance is o/(V’—v’). 

Increase the pressure from # to w’+p till the melting- 
point is lowered to —é°. If «’ is the coefficient of cubic com- 

2 
pressibility of ice, i 
Introducing a drop of water, allow the whole to melt into 
water under the pressure w’+p, the work done during the 
melting being 
(a! +p){v'(l—pe’)—v(1—pr)}, 
where « is the coefficient of cubic compressibility for water. 

Now let the water expand to its original volume v by gra- 

dually reducing the pressure to a. The external work done 
2 
ise ev, 


2 


xv! is the work done in the compression. 
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We now have the substance in its original state; and the 
cycle through which it has been taken was reversible at every 
step; therefore 


it 
But T is constant; therefore 
faQ=0. 


Then the total external work is zero, or 
a(V—v)+a'V’ log = —a/(V/—v) 


/ 
—(a/ +p){ ¥(- a —» (1—2*) } =0. 
By means of the equation - 
aV=aV’, 
and neglecting products of @ and «, this reduces to 


aV log = =p{v(1-*) —o(1— 2) k +(@—o')v. (1) 


Neglecting the term (o—o’)v, and putting for o/V w)V,«T, 
where w)Vo are the pressure and volume at 0° C., and T the 
absolute temperature, we ke 


ee ge oe 
me ye aa 
For OS Sa near 0° C. we may neglect products of p 
and «, and we obtain as an approximation 
p(v’—v) 


— =1+ o'V' 


or 
v'—v 


Diaml mee ope ar ie te) 


At 0°, 

v —v='087, V/=209037, 
and the pressure required to lower the melting-point ¢° 
_ 760t 
00733 
equation (3), we get 


millim. by the well-known formula. Substituting in 


paw 0447 
or 
dw’ dw 
eT tae 044 millim. of mercury, . . (4) 


which is Kirchhoff’s result. 
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If the temperature be much below 0° C., we cannot make 
these approximations without further examination, as the terms 
containing « and x’ in (2) may rise into importance. 

It may be noticed that (2) could be used as an equation to 
determine p, the pressure required to produce a fall of the 
melting-point to T, if there were any accurate experimental 
method of measuring @ and a’. 


Effect of Pressure on the Melting-point. 


If we are right in regarding the change from the solid to 
the liquid state as an exchange phenomenon in which the rate 
of exchange is indicated by the vapour-tension, we ought to 
be able to show that the pressure which lowers the melting- 
point to a certain temperature will so alter the rate at which 
the two states of the substance give off molecules from their 
surfaces, that at that temperature there will be an equilibrium 
of exchange. Thatis, we ought to be able to show that pressure 
alters the vapour-tensions of the two states, but alters them by 
different amounts, so that the equality of vapour-tensions now 
occurs at the new melting-point. 

Now in the ordinary case, where the vapour-tension is mea- 
sured we have the substance only under the pressure of its 
own vapour ; but in the rise or fall of a liquid in a capillary 
tube we may have a substance in contact with its own vapour 
when the substance is at a very different pressure from the 
vapour in contact with it. 

Sir William Thomson has shown (Proc. Roy. Soc. Edinb. 
1870, vol. vii. p. 63; Maxwell’s ‘ Heat,’ 1877, p. 287) that if 
a liquid rises in a capillary tube so that its surface is concave 
upwards, and (we may add) the pressure of the liquid is less 
than at the plane surface, then the equilibrium vapour-tension 
is less than at the plane surface. If the liquid falls in the tube, 
so that the surface is convex and the pressure greater than 
at the plane surface, then the equilibrium vapour-tension is 
greater. It has been supposed that this difference of vapour- 
tensions is due to the curvature of the surface; and Fitzgerald 
has suggested that we may thus perhaps obtain a connexion 
between “two apparently unrelated quantities,” the evapo- 
ration and the surface-tension (Phil. Mag. [5] viii. p. 384). 
But while a very slight impurity in a liquid can greatly alter 
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the surface-tension, it has not been shown that it alters the 
evaporation to the same degree. I think that we must look 
for the explanation elsewhere than in the curvature of the 
surface; and I shall endeavour to show that we may account 
for the effect by the difference of pressures of the liquid at the 
curved and plane surfaces. The curvature of the surface is 
then, as it were, an accidental accompaniment of the difference 
of pressure, and not the cause of the variation in the vapour- 
tension. We might therefore expeot to find the variation 
taking place also at flat surfaces if the pressure be altered, 
and with solid as well as with liquid bodies. We cannot 
directly investigate the vapour-tension of flat surfaces under 
pressure ; but I shall assume that we may here take, instead, 
the rate at which exchange takes place when the solid and liquid 
are in contact with each other. 


Sir W. Thomson’s formula is : 
2To 
| a ag oe ae Bi or de SA 
where 
p is the vapour-tension in contact with the concave surface, 
@ is the vapour-tension in contact with the plane surface, 
T is the surface-tension of the liquid, 
p and o the densities of the liquid and its vapour respectively, 
yr the radius of curvature of the curved surface. 
If P be the difference between the hydrostatic pressures 
just beneath the curved surface and just beneath the plane 
surface, equation (5) may easily be put in the form 


pao—Pe, ts Rien C6 

or a pressure P in the liquid increases the vapour-tension by 
an amount P°. 

The ‘bilder proof of this formula, p=a—P is, I believe, 


applicable to both solids and liquids, and obtains a more 
general form for the result. 

Let a volume v of a body (solid or liquid) be in a perfectly 
conducting cylinder (fig. 1, Plate XIII.) so arranged that the 
temperature is always constant. A porous plug, which the sub- 
stance if liquid does not wet, is in the cylinder ; and the holes 
in the plug are to be so fine that any required pressure can be 
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applied to the liquid without forcing it beyond the further sur- 
face of the plug, the curved surface of the liquid there with- 
standing the pressure. A piston to which pressure can be 
applied is in contact with the substance; and beyond the plug 
is another movable piston to which any pressure can be applied, 
the arrows in the figure indicating the direction in which the 
external pressures are applied to the pistons. 

Let the volume of the substance in the denser state at the 
pressure of its normal vapour-tension @ for the given tempera- 
ture be v. Let V be the volume of the whole as vapour at the 
pressure @. Let the equilibrium vapour-tension when the 
denser state is subjected to a greater pressure a + P be p, and 
let the volume of the whole as vapour at the pressure p be | 
V’. Let the coefficient of cubic compressibility be x Now 
take the body through the following cycle. 

Increase the pressure to a + P on the left-hand piston, and 
then let the substance evaporate through the plug to the right 
hand, pushing out the piston there at pressure p till the whole 
is evaporated toa volume V’. Ifp be greater than a, let the 
vapour expand from V’, always in equilibrium with the pres- 
sure, finally arriving at a volume V and pressure a. Now 
cover the porous plug, and, if necessary, commence condensa- 
tion by introducing a small amount of the substance. Push 
in the right-hand piston at the pressure a till the whole is 
condensed to volume v. 

We have now conducted the substance through a cycle each 
step of which is reversible*. Then 

AQ 


T =0. 


* It seems difficult to imagine a plug which would satisfy the condition 
of reversibility for the solid under great pressure in contact with its vapour. 
Perhaps the following would answer the requirements, if an ordinary 
porous plug is insufficient. Suppose the solid in a finely-divided state, 
and contained in a liquid which wets it but is of a very slightly greater 
specific gravity, and whose vapour-tension is negligible. During evapo- 
ration turn the cylinder with the vapour-chamber upwards. The particles 
of solid will rise up through the pores, and a small fraction of their surface 
will protrude, but they will otherwise be subjected to a pressure w+p. 
For condensation reverse the cylinder. As the solid condenses on the 
surface it will rise up as fast as it is formed, and so increase the volume 
of the chamber and force back the piston. 
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But T is constant ; then 
faQ=0, 


and the external work is, on the whole, zero. This gives us 
\ 
( + =) Pv + (@+ P)v(1— Prev) —pV’—=V log £ 
t+a(V—v)=0. . . (7) 


But since, at low temperatures such as we are here considering, 
Boyle’s law is almost exact, we have 


aV=pV’. 


Then, neglecting terms containing ox, 


omelet pat eee (9) 


which agrees with Sir W. Thomson’s result in equation (6). 

It may be worth while to point out the following result of 
the reasoning on which the above proof is based. 

In a quantity of liquid at a uniform temperature, the num- 
ber of molecules interchanged across a surface will increase as 
we descend, owing to the increase of pressure. If near the 
surface the number be proportional to the vapour-tension at 
the surface, then at any depth the number will be proportional 
to the pressure in an atmosphere of vapour at that level which, 
at the level of the surface, has the pressure of the vapour in 
equilibrium ; that is, the liquid will behave as a non-vapori- 
zing solid through whose interspaces the vapour can move 
freely. 

Assuming, then, that equation (9) holds both for solids 
and liquids, let us apply it to the case of ice and water in con- 
tact with each other at a temperature —¢° and at a pressure P, 
such that —¢° is the melting-point. 

VOL. IV. z 
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Let @ be the normal vapour-tension of water at —t°, 
oul By ice at —?°, 

p be the altered vapour-tension of water, 

: ” ice, 

p the density of water, v its specific volume, 

p" > 99 18, Se ” ” 

o » 9) their vapour, V its specific volume. 
Taking o and V as the same for ice and water as an approxi- 
mation, then equation (9) gives us 
p=ot+P Saat x 
p Vi 


«<a CLOm 
paa'sPSaol4 oy. 


Subtracting, we have 


v—v 
p—p =a—a’—P wr tae . (11) 
But by equation (3) we have 
1 pv 
@a—-@ =P—— 
then 
P= PrSOn «A fn ae ee ee 


Or, under the pressure P at the melting-point, the vapour- 
tension of ice equals that of water, and there is an equal inter- 
change of molecules taking place. According to this, then, 
we may thus regard the alteration of melting-point by pres- 
sure. The pressure increases the number of molecules given 
off from the surfaces in contact with each other in both states; 
but the increase is greater in the case of the less dense state. 
Now, in the case of ice-water, ice is the less dense state, and 
below 0° it has the less vapour-tension. Hence a sufficiently 
great increase of pressure, while increasing both vapour-ten- 
sions, can make that of ice overtake that of water, or can lower 
the melting-point. For paraffin, the liquid is the less dense 
state. Then, increase of pressure can only render the two 
vapour-tensions equal above the normal melting-point when 
the liquid vapour-tension is less than that of the solid. 

Suppose now only one of the two states (the ice) to be 
subjected to increase of pressure. For instance, let the ice be 
compressed on a porous plate through which the water can 
cireulate freely. Then the pressure increases the rate at which 
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molecules escape from the ice into the water, but does not 
affect the rate of escape of the water-molecules into the ice, 
and a much less pressure will suffice to produce equilibrium 
of exchange for a given temperature below 0° than when both 
ice and water are subjected to the pressure. 

To calculate the fall in melting-point produced by a pres- 
sure P’ on the ice alone, we have, instead of (10), 

PrP, 


/ ciemale Are Ge 13 
a (18) 


If we have p=p’, we have the melting-point ; and in this case, 
by subtracting, we obtain 


oo = eee ae eC LS) 


Now the pressure required to lower the melting-point to the 
same degree when both ice and water are compressed is given 


by 


P.r/—v : 
hoi es ta ‘rg eo ree Ge 
or Re =» 
{ iam 
UCM N ag ane oY EL O) 


Or the fall in melting-point caused by a given pressure on the 
ice alone is about 11} times as great as when both ice and 
water are compressed. That is, 1 atmosphere lowers the 
melting-point about ‘0843° C., and 11°7 atmospheres lower it 
1° C. This result may be obtained in the same way as Prof. 
J. Thomson’s formula, on the supposition that the process is 
reversible ; but as I was led to the result by the above consi- 
derations, I have given only this proof. 

This seems to have an important bearing on ordinary cases 
of regelation, when two pieces of ice are brought into con- 
tact at one or two points. About that point the ice will 
be subjected to great pressure; but the melted water is 
not necessarily subject to the pressure, and accordingly the 
melting-point may be lowered by 11} times as much as has 
been formerly supposed. 

Perhaps the following imaginary experiment may serve as 
a simple illustration of the last two sections. Suppose two 

Y 2 


284 PROF, J. H. POYNTING ON 


cylinders, one containing ice, the other water at the same tem- 
perature, to be connected above by a tube through which the 
vapour can pass, and let them only be in contact with their 
own vapour. 

At 0°, or rather at +0073, their vapour-tensions being 
equal, as soon as the pressure reaches 4°6 millim. then the ice 
and water will remain unaltered in amount as long as no heat 
is allowed to pass into or out of the cylinders. If the tempe- 
rature be kept slightly below 0°, then, since the vapour-ten- 
sion of water is now greater than that of ice, the water will 
gradually distil over into the ice-vessel and there condense as 
ice, the average temperature rising. If the temperature be 
kept constant, however, the whole of the water will in time 
go over into the ice-vessel. If the temperature be slightly 
above 0° (supposing it possible still to keep the ice solid), then 
the ice has the greater vapour-tension and will gradually distil 
over into the water-vessel, and the average temperature will 
fall. In time, if the temperature be kept above 0°, the whole 
of the ice will go over into the water-vessel. 

If, now, the ice and water be subjected to pressure by porous 
pistons which the water does not wet (the pressure in each 
cylinder being the same), then, if the temperature be 0°, an 
increase of pressure will cause more evaporation from the ice 
than from the water; that is, the ice will distil over into the 
water-cylinder and form water there. To obtain equilibrium 
again, the temperature must be lowered to such a point that 
the pressure makes the two vapour-tensions once more equal, 
when the ice and water will remain unaltered in amount—that 
is, the melting-point will be reached. If now the ice alone 
be subjected to pressure, its vapour-tension will be increased 
while that of the water remains the same. And now the 
pressure required to produce equilibrium of vapour-tensions 
at a given temperature below 0° will only be about 2-23rds 
of that required when both are subjected to the same pressure. 

The suppositions which I have made amount to this—that 
if the space filled with vapour be abolished and the ice and 
water be brought directly into contact with each other, then the 
rate of escape of molecules will be the same as before in each 
-case, or bear the same proportion to it. 
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Isothermals of Ice-water : Critical Points. 


If we draw the isothermals for ice and water on a pressure- 
volume diagram, they are of the general form shown in fig. 2, 
though the figure is entirely out of proportion. 

If we may assume that the compressibility of water is con- 
siderably greater than that of ice, the horizontal part of the 
isothermals representing a mixture of ice and water will in- 
crease as the temperature falls below 0°, at least just at first. 
Then, if we call the line passing through the points where the 
isothermals turn to or from the horizontal part the ice-water 
line, this line will at first diverge as the temperature falls. 
Now, while ice contracts on cooling, its coefficient of expan- 
sion between —19° and 0° being given as ‘000122 by Brunner, 
Despretz has shown that water expands on cooling below 0° 
even more than it expands for an equal rise above 8°, Hene~ 
the isothermals for ice and water approach each other at ordi- 
nary pressures as the temperature falls. 

Using Brunner’s coefficient for ice, and for water Hiills- . 
trém’s formula (Jamin, Cours de Physique, vol. ii.), 


-° = 1+-000052939 t —-0000065322 ¢? + :00000001445 #, 
t 

and supposing that water could be cooled without freezing, it 
will be found that between —120° and —130° ice and water 
would have the same specific volume. This might lead us to 
suspect that the divergence of the two branches of the water- 
ice line would not continue if we could examine the isother- 
mals at very low temperatures and high pressures, and that, 
as the temperature fell, the two states would at some point 
begin to approach (that is, the horizontal part of the isother- 
mals would decrease), and that ultimately ice would pass gra- 
dually into water without any abrupt change of volume (that 
is, there would be a critical point). Below this critical point 
ice and water would probably be identical. 

A similar conclusion is arrived at from the latent-heat equa- 
tion. On the supposition that at the critical point the latent 
heat vanishes, the temperature given by that equation is 
—122°5, with a pressure of over 16,000 atmospheres ( Baynes, 
‘Thermodynamics,’ p. 169). 
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It is usually assumed that we must stop the isothermal at 
the base-line of no pressure. But we know that water can be 
subjected to a negative pressure; as, for instance, when it rises 
in a capillary tube in a vacuum, or when it adheres to a baro- 
meter-tube at a height greater than that of the barometric 
column. Itseems probable that, if perfectly freed from foreign 
gases, it might even be subjected to a very high negative pres- 
sure without the particles being torn asunder. So, too, a mix- 
ture of ice and water might probably be subjected to tension. 
It seems at least worth while to draw the isothermals for ice 
and water on such a supposition. 

Prof. J. Thomson’s result for the alteration of the melting- 
point by pressure would hold for at least a short distance above 
0° when we replace pressure by tension. Assuming it to 
hold for 4°, we should have to put on a tension of 4+°00733 
atmosphere = 545 atmospheres. But if the expansion of 
water under a tension equals its Rita ie under an equal 
pressure, the expansion is about sy} per atmosphere*; so 
that the volume of the water at 4°, under a tension of 545 
atmospheres, will be 1:026. The i whose volume at 4° 
under no pressure would be 1:088, probably will not expand 
nearly so much under tension. The change of volume on 
melting will therefore probably be not very far from 

1:088 —1:026=-062, 

against a change at 0° of ‘087. Then the two branches of the 
ice-line will converge very considerably for temperatures above 
0° and with negative pressures. At this rate of convergence 
the meeting-point i is at about 14°C. At higher temperature 
the ice would pass’ gradually into water—that is, we should 
here have another critical point,—the two critical points being 
at opposite ends of the closed curve which represents the 
water-ice line. 

On considering the isothermals below 0°, it will be noticed 
that the water-isothermals, at least as far as that for —20°, 
can be prolonged downwards past the horizontal line to meet 
the line of no pressure; for Despretz succeeded in cooling water 
to —20° in thermometer-tubes without freezing. . These pro- 

* Might not the truth of this supposition be tested by the propagation 


of sound through the water above a barometric column at a negative 
pressure P 
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longations are represented by aa’, bb’, cc’ (fig. 2). Similarly 
the ice-isothermals can be at least slightly prolonged upwards 
past the horizontal line. For, suppose we take a block of ice 
at 0° and suddenly subject it to great pressure. Since it ex- 
pands on heating, then sudden compression produces, if any 
thing, a slight rise in the temperature. At the same time the 
melting-point is lowered, and the ice begins to melt at the 
surface, and in time the whole will be lowered to the new 
melting-point. But just at first, and until it falls to that 
temperature, we have the ice on the prolongation of the iso- 
thermals upwards as at A A’ or BB’ in fig. 2. In a certain 
sense, then, we have “ hot ice.”’ 

Since, then, the water-isothermals may be prolonged down- 
wards and the ice-isothermals upwards, we may probably here 
adopt Prof. J. Thomson’s suggestion as to the true shape of 
the isothermals in the case of liquid-and-gas mixtures (Brit. 
Assoc. Report, 1871, p. 30 ; Maxwell’s ‘ Heat,’ p.125). This 
is indicated by the dotted line for —2° in the. figure. If the 
isothermals also have this shape above 0° (as indicated by the 
dotted line for the 4° isothermal), then at first the ice-isother- 
mals will be prolonged upwards to meet the line of no pres- 
sure, as, for instance, that of 4° at H. This seems to be the 
place where we must put Dr. Carnelley’s “hot ice,” on the 
diagram, if its temperature be really proved to be above 0°. 

But if the critical point for the higher temperature exist, it 
is evident that, before this temperature is reached, the prolon- 
gations of the ice-isothermals will cease to reach up to the line 
of no pressure, and the limit to the temperature of hot ice in 
a vacuum is that of the last isothermal which touches the line 
of no pressure. To obtain ice at still higher temperatures, it 
would apparently have to be subjected to great tension. If 
the above calculation for the critical point is at all near the 
truth, then the highest temperature possible for ice in a vacuum 
is something below 14° C. 

The view here advocated as to the nature of the melting of 
ice, would show that its fixity is as much a “constant acci- 
dent ”’ as the fixed boiling-point of water. IZf we havea piece 
of ice at any temperature and allow no water to form on its 
surface, then I see no reason why it should melt if heat be 
supplied to it by conduction from bodies which, when melted, 
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it does not wet. I think, then, we ought to expect its tempe- | 
rature to rise, as Dr. Carnelley has apparently found to be the | 
case. 

Dr. Lodge has pointed out (‘ Nature,’ Jan. 20, 1881) that, | 
as far as we know, “ there is no definite subliming-point fora _ 
solid, any more than there is a definite evaporating-point for a 
liquid.’’ Hence, with such a mode of supplying the heat as | 
above described, the temperature might perhaps be expected 
to rise to that of the last isothermal which reaches the line of 
no pressure. When it has reached this point the whole will be 
in an unstable state, and we might expect a further supply of | 
heat to cause a sudden change into water. If, however, at 
any point in this process of raising the temperature the vapour- | 
tension is allowed to rise nearly to its maximum, it will exceed 
that of water, which has a lower maximum; then a layer of | 
water will be formed on the ice, and we shall have melting 
with a tendency of the temperature towards 0°. 


The Sealing-wax Type of Melting. 


We have seen that there is some reason to suppose that ice 
would pass gradually into water at a sufficiently low tempe- 
rature and with sufficiently high pressure; that is, there 
would be no abrupt change of volume at a constant tempera- 
ture, and no definite latent heat. But these are just the cha- 
racteristics of the melting of substances of the sealing-wax 
type; and I think it exceedingly probable that we have such 
substances at temperatures below their critical points, or at 
least that they are analogous to water-ice below its critical 
point. If sealing-wax have a critical point, then if we start 
with some in the solid state at ordinary temperature, and 
while raising the temperature we increase the pressure so as 
always to keep it solid till above the critical point, if we 
reduce the pressure again to a certain point and at the same 
time a small amount of liquid sealing-wax be introduced, we 
ought to have a liquefaction of the whole with a finite expan- 
sion of volume ; that is to say, we should have changed the 
ordinary sealing-wax type of melting into the ice-water type. 
It might, perhaps, be possible to test the truth of this suppo- 
sition experimentally. 
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XXX. On the Opacity of Tourmaline Crystals. 
By Professor Sitvanus P. Tuomeson, B.A., D.Sc.* 


Introduction. 


1. TourMALINE is distinguished amongst crystals for its 
remarkable optical properties, particularly its power of po- 
larizing light. It is distinguished moreover by possessing 
characteristic electric properties. It possesses also a crys- 
tallographic interest as furnishing an eminent example of 
non-superposable hemihedry. There can be little doubt 
that these remarkable and characteristic qualities are closely 
related to one another, though as yet very little is known of 
the nature of this probable connexion. In the present paper 
an attempt is made to connect the optical and electrical pro- 
_perties of the crystal, by showing that the opacity of the 
crystal to light polarized in a principal plane of section can 
be deduced from its electric conductivity. 

2. In a paper read before Section A of the British Associa- 
tion at Dublin in 1878, by Dr. O. J. Lodge and myselft, we 
suggested, as a possible explanation of the phenomena of pyro- 
electricity in tourmaline, that it might be found to possess 
unilateral conductivity for electricity—and if for electricity, 
for heat also. Our experiments on the electric conductivity, 
however, led to negative results; and in the case of heat-con- 
ductivity, the only differences observed of a unilateral kind 
were such as occurred while the temperature was either rising 
or falling—not whilst it was constant. Our original sugges- 
tion, therefore, was not confirmed, though I obtained instead 
a result which amounted to the discovery of a new pheno- 
menon, “ the Convection of [Heat by Electricity’’—namely, that 
in a pyroelectric crystal whose temperature is rising, heat, 
flows more easily with the electricity than it does against the 
electricity. We were later indebted to Mr. G. F. Fitzgerald, 
of Trinity College, Dublin, for the suggestion that an analo- 
gous phenomenon might occur, namely that there might be a 


* Read June 11, 1881. 
+ Report Brit. Assoc. (Dublin) 1878, p. 495; and Phil. Mag. July 
1879. 
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unilateral electric convection whilst the electromotive force 
producing the flow was rising or falling*. 

3. Whilst we were pursuing these investigations, and before 
we abandoned our original hypothesis, the suggestion was 
made to me by Dr. Lodge that if tourmaline possessed uni- 
lateral conductivity along the axis, this might afford a pos- 
sible explanation of the greater opacity observed in coloured 
tourmalines for one set of rays. For if, as on our original 
hypothesis, the elasticity in one sense along the axis were dif- 
ferent from the’ elasticity in the opposite sense along the axis, 
vibrations taking place along the axis would be stopped, and 
the only rays transmitted would be those vibrating at right 
angles to the axis. Unfortunately for this suggestion, the ray 
whose vibrations are executed in a plane at right angles to the 
axis is the ordinary ray, which is the one to which the tour- 
maline is opaque; whilst the ray which it transmits is the 
extraordinary ray, which, being polarized in a plane at right 
angles to the axis, is propagated by vibrations (according to 
Fresnel and Stokes) executed in a principal plane of section. 
I could not, therefore, agree with this suggestion as to the 
cause of opacity in tourmaline crystals, though the suggestion 
that the opacity was involved in the electrical properties of 
the crystal appeared an extremely likely one. 

4, A theory of the opacity of tourmaline crystals, how- 
ever, has recently occurred to me whilst considering the 
general relations of electricity and light; and I now beg to 
offer the following explanation, based upon Clerk Maxwell’s 
electromagnetic theory of light. 

According to Maxwell’s theory, light is an electromagnetic 
disturbance propagated in the same medium which transmits 
other electromagnetic actions, the periodic vibrations being 
propagated in a wave through media possessing “ electric elas- 
ticity ” (2. e. dielectric properties), but being frittered down 

* We have not yet put this suggestion to experimental proof. In any 
case the experiment would be difficult, for the reasons alleged in our 
paper of 1878. Moreover the question would still be complicated by 
phenomena of heating ; for, as we pointed out in 1878, the phenomena of 
pyroelectricity must be reversible, and the application of an external elec- 


tromotive force to a crystal must produce in it a thermal change just the 


reverse of that which would itself give rise to the electromotive force in 
question. 
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into electric currents (and ultimately into heat) when these 
vibrations pass into conducting media. Good insulators 
should therefore be transparent, and good conductors opaque, 
to light. If it can be shown that tourmaline crystals are better 
conductors of electricity in one direction than another, it can be 
deduced as a consequence of Maxwell’s theory that they will be 
better transmitters of light in one direction than in another, and 
that they will absorb more of those rays of light whose vibrations, 
consisting of electric displacements, lie in the direction of best 
electric conductivity. 

The present paper consists of three parts:— 
, 1. A résumé of the Optical, Electrical, and Magnetic pro- 
perties of Tourmaline Crystals. 

II. A Mathematical Theory of the Opacity of Crystals 
which are electrically or magnetically xolotropic. 

III. A discussion of the Electric Conductivity of Tourma- 
line Crystals, and of the Experimental methods of observing it. 


I. Physical Properties of Tourmaline Crystals. 

5. Optical Properties.—Tourmaline belongs to the rhombo- 
hedral system of crystals, and is therefore optically a uniaxal 
crystal. Its refractive indices are (approximately) 

Ordinary ray 1'6406, 

Eatraordinary ray 1°6212; 
and it is therefore a negative crystal. Tourmalines are of 
various colours, occasionally colourless, still more rarely pink 
(rubellite), but frequently bluish-green, green, olive, or brown. 
The commonest of all kinds is of a brownish tint when cut 
into very thin slices, but appears exteriorly jet-black. Those 
of bluish-green or green hue are, according to M. Mascart, 
the most strongly pyroelectric; and of these the most transpa- 
rent are more highly pyroelectric than the opaque varieties. 
In ordinary light a coloured tourmaline is always found to be 
much more opaque to rays traversing uw in a direction parallel 
to its axis than to rays traversing it at right angles to its axis, 
equal thicknesses being considered. Tourmaline possesses the 
property of polarizing partially or wholly the light which it 
transmits. Its action on light is usually explained by saying 
that a ray of ordinary light incident upon the crystal is divided 
into two portions, the ordinary and the extraordinary ray, 
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which in passing through the crystal are unequally absorbed. 
If a slice of the crystal be taken whose parallel faces are prin- 
cipal planes of section, and which is of a suitable thickness, 
the ordinary ray will be virtually suppressed, whilst the extra- 
ordinary ray is transmitted, though with some loss by absorp- 
tion. The transmitted ray is polarized in a plane at right 
angles to the axis of the crystal; and its vibrations are there- 
fore executed (if we assume with Fresnel and Stokes that 
the vibrations are at right angles to the plane of polarization) 
in a direction parallel with that of the axis of the crystal. 

We may remark parenthetically, that the almost complete 
opacity of coloured tourmalines to rays travelling along the 
axis affords a strong confirmation of the views of Fresnel and 
Stokes. For let this axis be the z-axis of a system of rectan- 
gular coordinates, the transverse vibrations toa ray travelling 
along # must be in planes parallel to the plane (yz); and they 
are suppressed by absorption whether parallel to y or z. Now 
for a ray travelling along y the vibrations are in planes parallel 
to the plane (wz), and the z-component is suppressed by absorp- 
tion, the «-component only being transmitted; while for a ray 
travelling along the axis of z the vibrations are in planes 
parallel to (ya), and, the y-component being suppressed by 
absorption, the z-component is alone transmitted. 

6. Electrical Properties.—W ith the characteristic pyroelec- 
tric properties of tourmaline we have not much concern here; 
for the tourmalines which are most highly pyroelectric appear 
to be least opaque. 

The electric conductivity of tourmaline is in general very 
small. The resistance of a centimetre cube of the crystal 
at ordinary temperatures is certainly many thousand ohms. 
Gaugain states that the resistance decreases rapidly if the tem- 
perature is raised to 400° or 500°, and he has observed* some 
crystals, on being cooled from this temperature, to retain a 
high surface-conductivity, which he attributed to their having 
become hygroscopic—an explanation which seems somewhat 
doubtful, since he states that washing them in ordinary water 
rendered them non-conducting as before. Becquerel sought 
to explain the disappearance of pyroelectric phenomena at 


Annales de Chimie et de Physique, 3¢ série, t. vii. v. 8. 
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temperatures above 150° C. by supposing an increase of con- 
ductivity to be assumed at that temperature. In the researches 
of Dr. Lodge and myself in 1878-9 we found no such great 
decrease in resistance, which at 300° C. was still enormous. 
We were not able to compare the conductivity in a direction 
at right angles to the axis with that along the axis. 

The only experiment directed toward the comparison of the 
electric conductivities in different directions with respect to 
the axis of the crystal, are those of de Senarmont* and of G. 
Wiedemann}, both of whom examined the conducting-power 
of the surfaces of crystals. Their methods and results are 
examined in detail in the concluding part of this paper. They 
each found the conductivity of tourmaline to be greater along 
the axis than across the axis: I shall have occasion for show- 
ing that this conclusion is fallacious. 

7. Magnetic Properties—Pliicker examined the magnetic 
deportment ¢f tourmaline. The following account of what was 
observed is given by Tyndall t:—“ A plate of the erystalwhich 
had been prepared for the purposes of polarization, 12 milli- 
metres long, 9 wide, and 3 thick, was suspended by a silk 
fibre between the poles of an electromagnet. On sending a 
current round the latter, the plate, which was magnetic, set 
itself as an ordinary magnetic substance would do, with its 
longest dimension from pole to pole. The optic axis of the 
crystal, thus suspended, was vertical...... On hanging the 
crystal, however, with its optic axis horizontal, when the mag- | 
net was excited, the plate stood no longer as a magnetic sub- 
stance, but as a diamagnetic ; its longest dimension being at 
right angles to the line joining the poles. The optic axis of 
the crystal was found to coincide with its length; and the 
peculiar deportment was considered as a proof that the optic 
_ axis was repelled.”” From all which the logical inference is, 
that the coefficient of magnetic induction is less along the axis 
than in a direction at right angles to it. It is curious that 
Professor Tyndall states§ just the opposite to this—that the 
maximum magnetic induction is, in coloured crystals at all 
events, in a direction parallel to the axis.° 

* Ann. de Chim. et de Phys. t. xxviii. (1850), p. 257. 

+ Ibid. t. xxix. (1850), p. 229; and Pogg. Ann, lxxvi. p. 404 and Ixxvii. 
p. 534, 

t ‘Diamagnetism,’ p. 2. S Oper sper ds 
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8. Thermal Conductivity.—De Senarmont examined the 
thermal conductivity of tourmaline by his well-known method. 
The conductivity is greater across the axis than along it, the 
ratio between the major and minor axes of the isothermal 
curves being (according to my own observations) about 3 : 2; 
and these being proportional to the square roots of the con- 
ductivities, we a 

2 2= J kg ? Jk, 


conductivity along axis : conductivity across axis =4 : 9. 


or 


The unilateral conductivity observed in my experiments during 
rise or fall of temperature need not be further noticed here. 

9. Radiating-power.—Kirchhoff* and Stewartt have shown 
that the law of equality of power to absorb and emit radia- 
tions extends to the case of the light absorbed by the tour- 
maline, which, when heated to redness, emits rays partially 
polarized in a principal plane of section—that is to say, emits 
those rays most freely which it most freely absorbs. 


II. Mathematical Theory. 


10. Let K, », and C stand respectively for the dielectric 
inductive capacity, the magnetic inductive capacity, and the 
conductivity per unit of volume of a medium. In crystalline 
media these quantities will, in general, have different values 
in three principal rectangular directions, being no longer mere 
scalar quantities, but linear (and vector) operators upon their 
several functions. If these values be specified for any crystal, 
then the optical properties of that crystal may be deduced 
from the general equations of electromagnetic disturbances. 
These equations are found in Maxwell’s ‘ Electricity and Mag- 
netism,’ art. 783 (7), as follows:— 


p(4n0+K 5 Oe. wv) vers & =0, | 
p(4n04+K 5 (G+ 3*)+ V+ f= 0, i Bea Gg 


p(4r+K S(T: y+ Gree 0, | 


* Pogg. Ann. cix. 1860, p. 275. T Proc. Roy. Soe. x. p. 508. 
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where . 
dF dG. dH 
ae a at 

and where F,, G, H are the components of vector-potential at 
the point (, y,z) in three rectangular directions parallel to the 
&, y, and z axes respectively, and where wf represents the elec- 
tric (scalar) potential of the possible free electricity. These 
general equations apply to the case of a medium in which both 
electric displacements and true conduction currents are simul- 
taneously produced under the action of an impressed electro- 
motive force. They cease to apply in strictness to the case 
where the medium possesses movements of its own, which we 
are not here considering. If the medium be homogeneous, 
whether xolotropic or isotropic, and if its conductivity under- 
goes no discontinuity in its values at any point (that is to say, 
has the same continuous values in the same direction), there 
will be no reason to expect the phenomenon of electric absorp- 
tion to occur, or free electrification to appear at any internal 
point of the medium. Hence, in considering steady periodic 
disturbances such as light-waves, we may neglect terms invol- 
ving only functions of the free electricity, or its volume-den- 
sity, such as Vp, since these will be independent of t. 

11. In order further to simplify the equations, we will nar- 
row down the case to that of a plane wave of unpolarized light 
propagated along the axis of z, and therefore lying in planes 
parallel to the plane (zy), in which planes also the electric and 
magneticdisturbancesare executed. Wewill further suppose the 
crystal under consideration to be, as tourmaline is, a uniaxal 
crystal, and to have its optic axis coincident with the axis of «, 
so that the z and y components of the disturbances will be 
respectively parallel and at right angles to the optic axis. 
_ We shall also make the asswmption that in tourmaline the 
vectors, or linear vector operators, which should stand for 
K, p, and C, may be represented with sufficient accuracy by 
assigning to these quantities the values 


K,, K,, K;, 


My, Fea, #3) 
C,, C,, C3, 
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for their respective values as measured in the directions of 


&, y, and 2. 
We may then write, neglecting functions of J, which in the 
case of periodic disturbances can at most be a eee function 


of the time, 


dF ak 

Arrp,0,— Ti + pK, WE +V’F=0, | 
dG PG 

eae dt ee +V’G= 0, cea 


dH 
ee di ius dP a+ PH 0. 


Since, however, we are going to deal only with disturbances 
in the plane (ay) propagated along the axis of z, we may sim- 
plify the above to the following form :— 


ae sce 
Amr 0, = ay a ian q+ =0, | 
dG CG &G 


Bsr phe Ap + KK, — de coos ae P . 5 P a (3) 


dz 
dH PH 
Ampe0 + pK, ae =(). | 


Or, in words, the rate of change in the transverse com- 
ponents of electromotive force as the wave advances along the 
axis of z is expressed as the sum of two time-functions of the 
corresponding components of vector-potential—one of these 
functions varying with the electric conductivity of the medium, 
the other with its dielectric capacity, and both being propor- 
tional also to the magnetic inductive capacity. 
12. We have now four possible cases to consider:— 
(i) where K is very great and C relatively negligible, as in 
non-conducting media ; 
(ii) where C is great and K relatively small, as in true con- 
ductors of electricity ; 
(iii) where C and K are magnitudes of comparable order, 
but having different values in different directions. 
(iv) where w has values differing appreciably in different 
directions. 
Although from Pliicker’s experiments (see § 7 ante) it ap- 
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pears that #; and w, cannot be regarded as equal, yet their 
values are both approximately so nearly equal to unity that we 
are not in a position to discuss case (iv). 

13. Case i. (Won-conducting Substance), C=0. 

Equations (2) become 


CE PE 

ml ge ae 
PQ @&G 

HaKa3 — Gar =9s > Sc nde er tO) 
PH | 

3K; dE. aes 


whence 


ky de a ‘a 
1 PO aa. | se aeeaeY se ge os atte) 
faba idee ale 


whence it follows that a plane wave in the plane (zy), 
whose electric displacements are parallel to z, is propagated 
with velocity V,; whilst displacements parallel to y are pro- 
pagated in a wave whose velocity is V, with the following 
values :— 


Le gt eres | 


1 
Woe 
VK PPA Sen 
en oe 
avin 


This agrees with the known fact that a wave of light is split on 
passing through the crystal into two portions whose vibrations 
are respectively at right angles to one another, and which 
move with different velocities. 

Now assuming, as above, 4; =2=1, we have 


VAAEA Clays 
— — 3 . . . . . 7 
Was 47K. pt 7) 


where po, p; are respectively the indices of refraction for ordi- 
nary and extraordinary rays. 

Billet gives (Optique Physique, p. 619) the following values 
for the refractive indices of different specimens of tourma~- 
line:— 

VOL. IV. 4 
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Colour of Ordinary | Extraordinary Po 
ray. Ray used. | index (05): index (p,). eg 
Colourless ...) Bay D seve. 16366 16193 1-0107 
Green or...:25¢ TERED) oonane 1:6408 16203 101265 
Green-blue...| Red ray ...... 16415 1-628 101311 
Blues: Red ray ...... 16435 16222 101313 
Mean vesseveescee| 146406 1-6212 1-0120 


14. From these we deduce for the two velocities of light in 
tourmaline:— 
Ordinary Ray. 


73x 10em, persec. 5. - ; 
V.= T6406 = 18286 x 10°° cm. per sec.; 


and 
Extraordinary Ray. 
Vv __3 x 10" cm. per sec. 
Bix 1°6212 


15. The two corresponding dielectric capacities should 
therefore be 
K,=p?=2°6283 in direction parallel to crystallographic 
axis, 


=1'8504 x 10° cm. per sec. 


K,=p?=2°6792 in direction perpendicular to crystallo- 

graphic axis, 

I am not aware of any experimental determination of these 
quantities having been made. 

16. Case ii. (Conducting Medium). 

Here y=0, and we may neglect the terms containing K ; 
for, though K>1, C is by hypothesis much greater, and the 
terms containing C are therefore those by which the mode of 
propagation of electric displacements in the medium are repre- 
sented. So the equations (3) become 


dK dF 

ATH Tperargeacae 
dG @G 

Amur —Te=0, b> s+ + + (8) 
dH 

AmpsUs a> =0, 
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which are not the equations of any kind of wave-propagation, 
but represent as going on in the plane (ay) the diffusion of 
electricity by conduction through the medium at logarithmic 
rates whose values along the « and y axes are proportional to 
—p,C, and —p,C, respectively; that is to say, the disturbances 
will be propagated just in the same fashion as heat would be 
in a medium whose thermal conductivities and specific heats 
had different values in different directions. The spread of 
electricity in this case resembles therefore that of the spread 
of heat in a thin film when the heat starts at a point and dif- 
fuses around. In its generality the case is therefore compa- 
rable, as Maxwell points out, to that of which Fourier gave 
the complete solution (art. 384, ‘ Analytical Theory of Heat,’ 
p- 382, Freeman’s translation), for the diffusion of heat in all 


daachions where the temperature is represented by the triple 
integral 


dadBd — (a= 4)? + (B—y)? + (y—2)* 
4) ee EE fas Bs 


in which, if we write r=1/(a—2)’ + (B—y)? + (y—z)’, the ex- 
ponential e~”/#* will represent the value contributed to the 
mean temperature at the point (2, y, <) whose distance from 
the origin is r. In the present case of diffusion of electric 
currents in the plane (wy), a similarly constructed double inte- 
gral may be employed to represent the distribution of vector- 
potential, the quantity symbolized by & (the coefficient of the 


intrinsic rate of diffusion) being replaced by last and 
je | 


TiO. in the exponential. 


Now, where the whole energy of the electromagnetic dis- 
turbances is thus converted in the conducting medium into 
the energy of currents diffused through its substance, no wave 
will be propagated; or, as Maxwell has shown, the substance 
will be opaque to light, the energy of the diffused currents 
being frittered away into heat within the conducting medium 
by reason of the resistance encountered. 

17. Case iii.’ (Medium possessing both Dielectric Inductive 
Capacity and Conductivity, the values of K and C being of 
comparable order of magnitude, but having different values in 
different directions). 

Zz 2 
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We have from § 11) the equations 


dF 7h eee al 
Bilmaberen rg an) SES Spies 8 | 

1G ?G @&G : 
Aap Cy e + pio K ait = ast +m GOES) 


dH ?H 
AmpsC3 “ae + pisKs WE =0. 


F and G being the components of vector-potential in the w and 
y directions respectively, the problem is to determine at what 
rate these will be diminished by absorption in passing through 
a given thickness z of the medium when the conductivities 
per unit volume in those directions are respectively C, and Cp. 
The proportion borne by the transmitted electromagnetic dis- 
placements of the luminous wave to the original displacements, 
after traversing a thickness z of the crystal, will (neglecting 
the small proportion lost by surface reflexion) be expressed by 
an exponential of the form 
e7?*. 

where p is the coefficient of absorption. This coefficient Max- 
well has calculated (art. 798) for the case of isotropic conduct- 
ing media, from the general fundamental equation, on the 
assumption that the disturbance may be expressed as a circular 
function of the form cos (nt—gz). Following the lines thus 
laid down, we will write:— 


F'=e-?? cos ae (V,t—z<), 
My 


(9) 


Gem one BV 2); 
3 


where p, and p, are coefficients of absorption in the 2 and y 
directions respectively, and where V, and V, are the two velo- 
cities of propagation (see § 13), and where 2, and 2, are the 
corresponding lengths of waves. Now, putting 


‘yeh Se 
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and 
Weal 
— +4 
fe (11) 
2QrV_. 
Nrg= ic 5) 
whence 
V,=%, 
pee ae eee”) (18) 
vi) 
Mee 


we may write equations (9) in the form 


F=e-?' cos (n,t—9q2), i (18) 
G = e727 cos (Mot — G22); oy Gap 


in which case the expressions (9) will satisfy the differential 
equations (3), provided that 


mane blah RTE) 
2p 2q2=ATp2Ugns. 


It follows at once that the coefficients of absorption are 


Pile ber ety, ene) 
P2=2TH20,V>. 


Here (©, and C, are volume-coefficients of conductivity, and 
would require to be replaced by their values 1/bzR, and b/lzR, 
if a given rectangular plate of the substance, of length/ 
(parallel to w), breadth b, and thickness z, were measured, and 
found to have resistances of R, and I, respectively in direc- 
tions parallel to «and y. In the actual case of the tourmaline, 
however, in which no measurements of resistance have yet 
been made, the volume-conductivities Cy and C, may stand for 
conductivities in general. And the proportions of the incident 
(unpolarized) light transmitted by the crystal will be as 
follow :— 

Ordinary ray (polarized in a plane (wz) of principal sec- 
tion ; electric displacements parallel to y, magnetic displace- 
ments parallel to «), 

proportion transmitted = e772? = e~4™2C.Va2, 


Letraordinary ray (polarized in a plane (yz) perpendicalar 
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to the optic axis ; electric displacements parallel to w, mag- 
netic displacements parallel to y), 


proportion transmitted = e~?¥#=e~#™mA", 


If O represent the intensity of the transmitted ordinary ray 
and E that of the transmitted extraordinary ray, we have 
e7 H2C2Ve 
fear rae 
whence ead a 
OF ae 1 
bes BOG Ge (17) 

Now the ratio of V, to V, is known (§ 14), the velocity of 
the ordinary ray V, being to that of the extraordinary ray V; 
in the ratio 1:8286 to 1:8504. If, therefore, the magnetic per- 
meability were equal both along and across the axis of the 
crystal, and if the electric conductivity were equal in both 
directions, the relative intensities of the two transmitted rays 
would depend only on the relative velocities ; and as V, is 
greater than V,, the ordinary ray should be more freely trans- 
mitted than the extraordinary ray, which is contrary to obser- 
vation. The conductivities therefore cannot be equal in fact. 

Billet’s values (§ 13) for the refractive indices of tourma- 
lines of different colours show slight differences, the colourless 
tourmaline being apparently a little less refringent than the 
coloured crystals. As in this case there was no opacity, the 
presumption is that both C, and C, were = 0. If the fact 
were confirmed by observation generally that the index of 
refraction is less in crystals exhibiting no coloratién, we 
should be obliged to consider K as no longer independent of 
C in the general equations of electromagnetic disturbances ; 
and V, which is taken =(wK)-?, would require a more com- 
plicated formula for its complete expression. 

18. If, again, either the coefficient of magnetic induction or 
the conductivity be greater along the axis of the crystal than 
across it, then the ordinary ray should be transmitted more 
freely than the extraordinary. This is not the fact with any 
tourmalines ; it is always the ordinary ray which suffers the 
greater absorption. 

As I understand Pliicker’s experiment on the diamagnetism 
of tourmaline (§ 7 anté), the crystal examined by that dis- 
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tinguished physicist possessed a greater magnvtic inductive 
capacity in a direction across the crystallographic axis than in 
the direction of that axis. If this observation were also con- 
firmed for tourmalines in general, we should have some reason 
to expect that crystals possessing electric conductivity, even 
if the conductivity were equal in all directions, should show 
greater absorption for the ordinary ray; for if Cy=C,, equa- 
tion (15) becomes 

logO _ mV, 

CLL ee ails Ge (18) 


But 4, and py are so nearly equal to 1 in all cases hitherto 
observed, that the ratio of 4, to mw, is far less than that of V, 
to V,; and therefore the greater opacity to the ray cannot be 
accounted for on the supposition that it depends on differences 
in the magnetic inductive capacity. 

19. There appears, then, to be no other explanation of the 
observed -opacity of coloured tourmaline crystals for rays 
polarized in a principal plane of section than that afforded by 
the hypothesis that the electric conductivity is greater in direc- 
tions at right angles to the crystallographic axis than along 
it. One fact of some importance bearing upon this point is 
an observation which I have made, that the more opaque the 
crystal in general the greater is the inequality of absorption 
of the ordinary and extraordinary rays. The green tourma- 
line “C”’ in my possession, which is about 2 millim. thick, 
transmits both rays partially; but cuts off about three fourths 
of their intensity from ordinary rays, and above half their 
intensity from extraordinary rays. It is about 30 millim. in 
length, and appears to be’ perfectly opaque in that direction. 
On the other hand, a slice of a jet-black tourmaline, the pro- 
perty of University College, Bristol, not more than 0°2 millim. 
in thickness, is perfectly opaque to the ordinary ray; but it 
transmits extraordinary rays at about half of their intensity. 
Not only must the conductivity as a whole be higher in the 
latter case, but the ratio of the two conductivities must be 
higher in the latter than in the former; and the transverse 
conductivity must be greater than the longitudinal. The 
latter crystal was too small to permit of verification of these 
inferences by direct experiment. 
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III. Electric Conductivity of Tourmaline Crystals. 


20. The conducting-power of the tourmaline for electricity 
is very feeble; and the only determinations that have been 
made of its relative conducting-powers in longitudinal and 
transverse directions are determinations, not of the flux of elec- 
tricity through a slab or film of the substance, but of the 
superficial conductivity along a face of the crystal. This 
superficial conductivity has been examined by two slightly 
different processes, by de Senarmont* and by Wiedemannf. 

21. De Senarmont’s process consisted in covering the face 
of the crystal with tinfoil through which a truly circular hole 
had been punched. The foil was fixed over the crystal with 
gum or varnish, and was connected to earth. At the centre 
of the exposed circle a metallic point was fixed in an insula- 
ting support; and by this means the electricity stored in a 
Leyden jar could be made to flow across the circular space 
from the centre to the circumference. With powerful dis- 
charges from a Leyden battery sparks leapt along the crystal 
face, leaving a permanent trace along the path of least resist- 
ance. Later experiments were conducted in a partial vacuum, 
when the discharge took place quietly in luminous streaks of 
a pale-violet colour along that diameter of the circle which 
corresponded to best conductivity along the surface. 

The crystals operated upon by de Senarmont were three 
black tourmalines from Greenland, in the collection of the 
Ecole des Mines, having plane mirror-like faces tangential to 
the lateral edges of the primitive rhombohedron and slightly 
striated (“stries & peine sensibles”’). With circles of three 
different sizes, de Senarmont found the maximum conduc- 
tivity to lie in a direction parallel to the axis. 

22. Wicdemann’s process consisted in producing an electric 
“fioure” upon the surface of the crystal, which was dusted 
over with powdered sulphur, or lycopodium, or red-lead, and 
then exposed to the discharge of electricity from a finely- 
pointed conductor close to the surface. The powder was 
repelled from the point, and heaped itself all round a clear 
space. In the case of equal conductivities this space was a 


* Ann. de Chim. et de Phys. 8® série, t. xxviii. p. 257. 
+ Ibid. t. xxix. p. 220; and Poge. .dnn. Ixxvi. p. 404, and Ixxvil. p. 634. 
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circle ; in the case of unequal conductivities an ellipse whose 
major axis indicated the greater conductivity. Wiedemann 
only examined one specimen of tourmaline. He states that 
“on the faintly striated prismatic faces of the crystal em- 
ployed, the larger diameter of the electric figure shows itself 
parallel to the principal axis.” He adds, that in the case of 
other optically negative crystals (including calc-spar) the elec- 
tric conductivity is greater along than across the axis. (He 
notes rutile as an exception.) But he appends, as a general 
conclusion, that the electricity is propagated in crystals more 
rapidly in that direction in which the propagation of light is 
the more rapid; which dictum exactly contradicts his own 
observations on calc-spar and on tourmaline, in which the’ 
velocity of the extraordinary ray is greater than that of the 
ordinary ray. 

23. Now, if we are to accept these observations on the super- 
ficial conduction of natural tourmaline crystals with striated 
faces as establishing the electric conductivity of tourma- 
line to be a maximum along the axis and a minimum across 
it, we shall have to admit that, of all substances examined, 
tourmaline forms the solitary exception to the rule that the 
thermal conductivity and the electric conductivity of sub- 
stances go together pari passu*. There is no uncertainty 
as to the thermal conductivity of tourmaline, its transverse 
conductivity being about twice as great (see § 8 ante) as its 
longitudinal conductivity. 

24, Both observers stated that the faces of the crystals were 
striated. De Senarmont appeared, indeed, to think that natural 
striation interfered less with the regularity of conduction than 
the invisible striations of an artificially polished facet. I am 
inclined to think from my own observations that, on the con- 


* See Tait, Trans. Roy. Soc. Edinb. 1878, where, however, it appears 

. that German silver, while superior in thermal conductivity to lead, is 

inferior to that metal in electric conductivity, being the single known ex- 
ception to Forbes’s rule. 

+ “Quant aux stries et aux aspérités naturelles, elles ne semblent pas 
avoir une influence appréciable tant qu’elles ne sont pas extrémement pro- 
noncées. J'ai donc autant que possible, pour étre sir des résultats, 
cherché & opérer sur des faces naturelles ou obtenus par le clivage.” Loc. 
cit. p. 264. 


306 PROF. S. P THOMPSON ON THE 


trary, the aatural striations of the crystal greatly affect the 
conditions of surface-conductivity. I have repeated both 
methods of experiment upon tourmalines with natural and 
with artificially-cut faces. In the former case, the crystals 
tried were black striated crystals from Norway. They showed, 
as did the crystals used by de Senarmont and by Wiedemann, 
a longitudinal conductivity higher than the transverse con- 
ductivity. I cleaned one of these crystals, first with hydro- 
chloric acid, and then by rubbing its surface in boiling paraffin. 
When cold it was carefully cleaned with a piece of dry leather, 
and the experiments were repeated. De Senarmont’s method 
now showed a transverse conductivity, while Wiedemann’s 
method gave an indecisive result. 

25. I therefore tried another method, as follows :—A small 
circular drop of pure olive-oil was deposited upon the middle 
of the face of the crystal. A pointed needle held in a non- 
conducting support was fixed centrally above it, and then the 
knob of a charged Leyden jar was cautiously approached. 
The oil-drop spread out somewhat irregularly across the sur- 
face; and at its centre appeared a clear space from which the 
oil was repelled. This clear space was distinctly elliptical, 
the major axis of the ellipse being transversely placed across 
the axis of the crystal. The natural striations, however, ren- 
dered the form irregular. When the artificially-cut green 
tourmaline (“C’’) mentioned in § 19 was employed, the ellip- 
tical space in the centre of the oil-drop was much more satis- 
factorily observed. The ratio of the minor axis.to the major 
axis was not greater than 1 : 2. 

It is greatly to be wished that some more exact and more 
reliable measurements were made of the conductivity of tour- 
maline in the two principal directions along the axis and 
across it. Although these more reliable measurements are 
still wanting, I am disposed to think that my own experiments, 
backed by the analogy of the thermal conductivity (about 
which there is no uncertainty whatever), are sufficient to 
establish qualitatively that the electric conductivity of tour- 
maline is greater in directions at right angles to the axis 
than in the direction of the axis. If this be established, the 
theory of opacity advanced above is proved. 

26. There is, indeed, one other possible way of accounting 
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for opacity in a homogeneous medium besides the supposition 
made above, that the medium should possess electric conduc- 
tivity of one kind oranother. This alternative way of explain- 
ing opacity supposes that a luminous oscillation may pass into 
a calorific one of the same period. The vibrations of light 
being regarded as due to rapid alternations in vector-potential, 
the particles of a medium transmitting the luminous waves 
must be subjected to alternately directed electromotive forces. 
Now let there be in the medium a particle of matter whose 
natural period of oscillation coincides with that of the wave. 
This particle will be subjected to alternate inductions which 
will displace electricity in it from side to side, the (electro-) 
kinetic energy of the movement changing to (electro-) 
potential energy and back again to the kinetic form at each 
half swing, as in the alternations of the swinging pendulum. 
There is no difficulty in understanding that, under this action, 
the mass of the molecule will be set swinging. It is easy 
to set a pendulum, consisting of a metal ball hanging by a 
silk thread, into vibration by subjecting it to periodic electric 
inductions whose period agrees with that of the pendulum. 
Thus the (electro-)kinetic energy of the wave passes over 
into the (pondero-)kinetic energy of the oscillating particle ; 
which is merely another way of saying that the light is ab- 
sorbed and changed into heat. This action, however, can only 
account for absorption on the assumption that the medium is 
homogeneous, and its individual particles themselves conduc- 
tors. But if the medium be homogeneous, all its particles will 
have similar periods of oscillation. This hypothesis may 
therefore account for selective absorption in media, though it 
is not adequate to explain general absorption. Ifthe medium 
be not homogeneous, a third explanation of opacity is possible. 
In a non-homogeneous medium there is no need to suppose 
conductivity to exist; for heterogeneity of structure affords in 
itself a possible explanation of electric absorption; and if 
electric absorption were possible in the medium, the variations 
of vector-potential would no longer be propagated without loss 
through the medium, any more than they can be through a 
medium possessing true conductivity. And if, by reason of 
structural differences in different directions (differences of 
fibre, lamination, cleavage, and the like), the degree of electric 
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absorption were different in different directions, then such a 
medium might possess also a directed opacity. But such an 
opacity would be limited by the limitations of electric absorp- 
tion in general, and would probably be quite distinguishable 
from the opacity arising from conduction in the medium. 
Were electric absorption possible, we could no longer omit 
functions of yf, the (scalar) electric potential, from the general 
equations of electromagnetic disturbances assumed in § 10 
and in the succeeding development of the theory. 

27. The main argument for rejecting the supposition that 
electric absorption can account for opacity is derived from the 
consideration that such a medium, after having absorbed 
charges of opposed signs at different surfaces of its heteroge- 
neous structure, would, when left to itself, slowly recover; 
and would give rise to phenomena of recovery, variations of 
vector-potential taking place in the medium in inverse order 
after the lapse of time. Whether this action may furnish a 
possible explanation of the phenomena of phosphorescence 
(Nachleuchtung), is a saggestion which may be worth future 
consideration. Whether the optical properties of tourma- 
line are to be regarded as dependent on its conductivity or on 
any other physical property, the physical property on which 
they depend is certainly a directed property; and its action is 
such that the crystal possesses what Maxwell called “ electric 
elasticity ”’ in a longitudinal and not in a transverse direction. 
Now, as those bodies which possess “ electric elasticity’ are 
observed for the most part to phosphoresce under the impact 
of electrified molecules in the negative glow produced in very 
attenuated vacua such as Crookes has obtained, whilst those 
bodies which do not possess this property do not phosphoresce 
under the same circumstances, I venture to predict that, if a 
slice of tourmaline cut parallel to the axis be found to phos- 
phoresce at all when exposed to the negative discharge, its 
phosphorescence will be found to consist chiefly of rays 
polarized in a plane at right angles to the axis—or, in other 
words, that it will emit the same kind of rays as it transmits. 
Whether this prediction be verified or not, however, does not 
affect the validity of the theory of opacity of tourmaline crys- 
tals here advanced. 

June 4, 188]. 
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XXXI. Electrostatic Investigations, especially relating to the 
Division of Induction in the Differential Inductometer and 
in the Electrophorus. By Dr. James Moser. 


The Differential Inductometer. 


In the year 1838 Faraday completed his experiments on 
Specific Inductive Capacity, thus virtually repeating the in- 
vestigations of Cavendish, published some sixty years before. 
At the end of his communication Faraday gave a description 
of an apparatus, the “ Differential Inductometer,” for the 
determination of such inductive capacity. 

This serves as the point of departure for the following in- 
vestigation ; but I shall first, and chiefly, consider the electro- 
static induction in a single medium, namely the atmospheric 
air ; so that the question of “ specific induction,” a question 
involving more than one medium, will be considered later. 

Faraday, in his ‘ Experimental Researches’ (§ 1307), de- 
scribes the above-mentioned apparatus as follows :—‘ Three 
circular brass plates about five inches in diameter were 
mounted side by side upon insulating pillars. The middle 
one ‘A’ was a fixture; but the outer plates ‘B’ and ‘C’ 
were moveable on slides, so that all three could be brought 
with their sides almost into contact or separated to any re- 
quired distance. Two gold leaves were suspended in a glass 
jar from insulated wires. One of the outer plates, ‘ B,’ was 
connected with one of the gold leaves, and the other outer 
plate with the other gold leaf. The outer plates B and C 
were adjusted at the distance of an inch and a quarter from 
the middle plate ‘ A’; and the gold leaves were fixed at two 
inches apart. ‘A’ was then slightly charged with elec- 
tricity, and the plates ‘B’ and ‘C’ with their gold leaves 
thrown out of insulation at the same time, and then left in- 
sulated. In this state of things ‘A’ was charged positive 
inductrically, and B and C negative inducteously ; the 
same dielectric (air) being in the two intervals, and the gold 
leaves hanging, of course, parallel to each other in a relatively 
unelectrified state.” 

Faraday affected the relation of the induction from A to B 
to the induction from A to C by the introduction of various 
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dielectrics. I vary such relationship by altering the distance 
between B and C from A. 

Faraday brought a plate of shellac between the middle 
plate A and one of the outer plates, B. Thereupon the gold 
leaves approached one another. The leaves again separated 
when the shellac was taken away. According to Faraday, 
the attraction is due to the increased induction where the 
shellac is, causing A to induce more negative electricity on 
B. The side therefore of B (and its gold leaf) furthest 
from A becomes positive. On the other outer plate C there 
is less negative electricity induced; and the outer side of this . 
plate, together with the gold leaf connected with it, becomes 
therefore negative. Hence the gold leaves attract one 
another. 

In my experiments I employed three zinc plates of 30 millim. 
diameter, and made use of, on some occasions, a glass jar 
(described above) having the two insulated gold leaves. Some- 
times, however, I used two electroscopes, one of which was 
connected with the one and the other with the other outer 
plate. Under these conditions the kind of electricity which 
was to be found on the plate was easily determined. 

I should like to be allowed to mention a few details which 
I think are of interest in electrostatic investigations. The 
insulation of the wire to which the gold leaves were hung was 
effected simply by passing the wire through a tube of ebonite 
having an external diameter of 5 millim. and 1 millim. opening. 

In order to avoid binding-screws, the numerous edges of 
which are troublesome in electrostatic experiments, connexions 
were made by boring conical holes of diameters from 2 
tapering to $ millim., and simply thrusting the wires into the 
holes. No electricity must be allowed to settle on the glass 
of the electroscope. I therefore employed an ordinary cy- 
lindrical glass 15 centim. high and 10 centim.-wide, but led 
round the glass, inside and outside, a continuous strip of tinfoil 
3 centim. wide, parallel to the gold leaves and connected 
with the earth. By this means the electricity of the leaves 
induced electricity of the opposite kind in the tinfoil ; and if 
this charge became too strong, the leaves touched the tinfoil 
and discharged themselves. The glass was provided with a 
wooden cover, through which passed the little ebonite tube 
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enclosing the wire. Each zinc plate was fastened to a hori- 
zontal Z made of shellac. The three Z’s overlapped one 
another, so that the plates could be brought to within 1°5 
centim. of one another. 


Division of Induction. 

The three plates of the differential inductometer are to be 
looked on as two condensers which have one plate, namely 
the collecting-plate, in common. From this plate, as “ induc- 
tric,” the induction begins, and ends on the two side plates as 
“‘inducteous.”’ In this arrangement the division of the induc- 
tion corresponds to the division of the current in flowing 
electricity. 

But before I proceed further with the physical considera- 
tions, which would appear hypothetical, I shall deduce the 
mathematical from the theory of potential. 

If we look upon the differential inductometer as formed of 
two condensers, the total electricity, E, on the middle plate 
consists of two parts, e, and é; 

Woe sls xk ak. Pekan da nth) 
so that e, is the charge on one plate, and e, on the other. 
The value of each of these is found in the following manner. 
According to Green*, if e be the charge on a plane conden- 
ser whose plates have the surface § and the distance r, and 
if the potential-function on the one is V, while the other is 
connected with the earth, then 
_VS 
oy a 

In the derivation of this equation it is assumed that r is 
small in comparison with the diameter of the plates, an as- 
sumption to which I will return afterwards. 

We will apply this formula to the two condensers of the 
differential inductometer. All three plates have the same 
surface S. The middle one has the potential V; the two 
outer ones are connected with the earth. Let the distance of 
the plate of which the charge is ¢ be 7, that of the one with 
charge é; be rz. Then 


VS 


é= 
1 4arr,’ 


* Green, Essay, § 8; Thomson, Papers, § 53. 
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and x 
€2 Amr,’ 
and, accordingly, 
lagl : 
Bs foe . . . . . . . . (2) 


In other words, the charges are inversely proportional to 
the distances. The values of the two charges are derived 
immediately from equations (1) and (2). According to these, 


si tlt ‘ 
aan Pm ol he 
pe =: (4) 
») +19 . . . . . . 


These formule, which are the same as those for the divided 
current, are only absolutely true for plates of an infinite size. 
They signify that the inductive capacities of the two con- 
densers which form the differential inductometer are in- 
versely proportional to the distances of the plates. If we 
use the term “ inductive resistance ”’ to denote the reciprocal 
of the inductive capacity in the same way as conductivity is 
the reciprocal of resistance, then, in the case of infinite plates, 
the inductive resistance is directly proportional to the dis- 
tance. In such a case of infinite plates the equipotential 
surfaces are planes parallel to the plates, and the tubes of 
force are cylinders at right angles to them. 

This electrostatic condition is converted into the corre- 
sponding electrodynamic one if a conducting liquid is placed 
between the plates. If, then, the plates are kept at the same 
electrical level by (say) a battery, then a divided current 
would pass from the middle plate through the liquid to the 
two side plates; so that the middle plate would be an anode, 
and the side plates kathodes; and the division would then 
take place in such a manner that the strength of the two 
branch currents would be inversely proportional to the re- 
spective resistances ; or, since the latter are proportional to 
the distances, the currents would be inversely as the distances *. 
Just as we incur an error when we pass from the law that 
the divisions of the current are inversely proportional to the 


* See Currents between Plates, Wied. Galv. § 116. 
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distances in the case of infinitely large plates, to the case 
where the plates are simply very large, so we incur a similar 
error in electrostatics when we apply the formula for infinitely 
great plates to the inductometer. 

The case in electrodynamics which corresponds to the 
inductometer (which we regard as an apparatus for the 
division of induction) would be the branching of the current 
between three round plates. If we imagine the differential 
inductometer to be plunged into a conducting liquid and the 
potentials to be constantly maintained, then a current would 
pass from the middle plate as anode to the external plates as 
kathodes. Further, if in both cases we construct the system 
of the surfaces of equal potential, then, if their equation be 

V=constant, 

V in both cases (that is, by the branching of the current and 
in the inductometer) would satisfy the same differential equa- 
tion, and the same limiting conditions must be fulfilled. We 
should get in both cases the same system of surfaces of elec- 
trical level; and the perpendiculars to these surfaces would 
have in the one case to be regarded as lines of force, and in 
the other as lines of flow. The greater the plates are, the more 
nearly flat are the surfaces of electric level, and the straighter 
are the lines of force. 

Induction and conduction act, therefore, in the same lines. 
If, in order to fix our ideas, we take spermaceti as an inter- 
vening plate, as Faraday did, we find, with him, “ spermaceti 
to be a dielectric, through which induction can take place” 
(Exp. Res. § 1322). But “spermaceti is also a conductor, 
though in so low a degree that we can trace the process 
of conduction, as it were, step by step through the mass..... 
Here induction appears to be a necessary preliminary to con- 
duction” (§ 1823). And although Faraday could not, as we 
have done, formularize the division of the induction in the 

“same way as the branching of the current is formularized, still 
he had this agreement in his mind. That he could not formu- 
late this idea was the reason why he was misunderstood; and 
this is the reason which has induced me to examine the point 
more carefully. 

In one case of electrostatic induction through the air 
Faraday replaced a part of the air by sulphur, and found 

VOL. IV. 2A 
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that the induction was now greater than when the air was 
there which the sulphur had replaced. 

He now compares this case with that of the branching of 
a current in bad conductors, one of which he replaced by 
a good conducting wire. Then a stronger current would 
flow through the wire than flowed through the bad conductor 
which it had replaced. And as much less electricity would 
flow through the remaining bad conductors as more through 
the wire. 

This is the meaning of Faraday’s words, “ Amongst insu- 
lating dielectrics some lead away the lines of force from 
others as the wire will do from worse conductors” (§ 1331). 

I shall, in the following, consider some of the applications 
of this conception of the inductometer as a dividing of elec- 
trostatic induction. 


Method for Determining Inductive Capacity. 


The methods for determining electrical resistance which are 
based upon division of the current may be transferred to the 
measurement of inductive capacity. In Wheatstone’s bridge, 
for example, first given by Christie, we determine an unknown 
resistance as a fourth proportion to three known resistances. 
For this purpose, the current between a point of higher anda 
point of lower potential is divided. Two points, one on each 
of the branches, are found having equal potential. They 
divide, therefore, the resistances of the two branches in 
like ratio. Then no current passes round a galvanometer 
introduced between these points. In the differential inducto- 
meter the beginning of the branching is the middle inductric 
plate, whose electric level is V, and the end of the branching 
is on the two inducteous plates, where the potential is zero. 
Between the inductric plate and each of the inducteous plates 
let us now introduce a metal intermediate plate of equal po- 
tential, so that there are four divisions whose inductive capa- 
cities are proportional to one another in pairs. If the induc- 
tive capacity of one of these divisions is altered by introducing 
another dielectric than air, then the capacity of the other divi- 
sion must also be altered, in order to restore the original propor- 
tion. The capacity of this second division is changed by alter- 
ing the distance between its limiting plates until the original 
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equality of the electrical potential of the two middle plates is 
again reached. This is recognized by finding that a quadrant 
electrometer connecting the two shows no deviation. Thus 
the measurement of inductive capacity is reduced to measur- 
ing alength. This method is essentially the same as that 
recommended by Maxwell and Sir W. Thomson to Mr. Gordon 
for his measurements of inductive capacity, published a year 


ago (Phil. Trans.). 


Theory of the Electrophorus. 


A further instance of the branching of induction is found in 
the electrophorus. Being about to deduce its theory and to 
discuss the number of electrically effective layers, I shall start 
from Faraday’s differential inductometer. Such a theory of 
the electrophorus as takes Faraday’s views into account 
has not yet been given. Faraday has not developed it; 
and the question as to how many layers are electrically 
effective is not treated by Maxwell, who views the electro- 
phorus not as a symmetrical construction consisting of a plate 
of ebonite with two movable metallic coverings, but as an un- 
symmetrical arrangement consisting of a single ebonite plate 
covered at the back with metal, and having ~~, one movable 
metal plate. 

In this special manner we shall obtain a theory of the elec- 
trophorus, and get a fixed point from which to view the dif- 
ferent theories based on electrical action at a distance and 
expressed in the language of the influence theory. We shall 
approach nearest to that one of these theories which has lately 
been supported by Herr vy. Bezold (Pogg. Ann. exliii.). 

The electrophorus, as I view it, is symmetrical. It is a 
non-conducting plate with two movable coverings, and can 
thus be used as a Franklin’s disk, a Leyden jar, or a condenser. 
_ My electrophorus consisted of a circular ebonite plate 1:5 
millim. thick and 30 centim. diameter. The coverings were 
of zine and were of the same diameter, one of them being pro- 
vided with an ebonite handle. For other purposes I used three 
plates of the same shape, of thinner ebonite, together with 
other plates of zinc of similar dimensions. 

The simplest supposition is that the ebonite plate, lying 


on the one uninsulated metal covering, being beaten by the 
2A2 
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fox’s tail becomes negatively electric. Then induction starts 
from this negative layer of this ebonite plate as inductric 
layer (inductor). The inducteous layer (inducendus), where 
the induction ends, is the underlying uninsulated metal plate. 
After putting on and uninsulating the upper metal plate, how- 
ever, the induction branches off again from the upper nega- 
tive layer of the ebonite plate as inductric body (inductor), 
and extends to both the metal plates as inducteous bodies (in- 
ducendus). If there exists, as we have supposed, only one 
inductric layer in the electrophorus, namely the negative one 
on the upper surface of the ebonite plate, the differential in- 
ductometer could be viewed as a scheme of the electrophorus. 
The negative layer of the electrophorus would be represented 
by the negatively charged middle inductric plate of the dif- 
ferential inductometer; and the two metal coverings of the one 
apparatus would correspond to the two of the other. Further, 
this similarity of the two apparatus appears still more com- 
plete if we use the differential inductometer as electrophorus 
for producing electricity. We can uninsulate the one plate 
of the differential inductometer; and bringing the other near, 
we can draw out of it a negative spark; then withdrawing it, 
we can geta positive spark. But one difference now presents 
itself, and proves the insufficiency of our last scheme. As to 
the differential inductometer, it is perfectly indifferent whether 
we uninsulate the right outer plate and insulate and discharge 
the left one, or if we uninsulate this and change the distance 
of the right one. We always get positive discharge from that 
outer plate which we have removed from the negative middle 
plate. The same kind, namely positive discharge, after re- 
moval, must take place if there existed only one inductric 
layer. Then there is, as Faraday (§ 1255) has already pointed 
out, no difference as to the kind of induction through air and 
that through ebonite. Therefore, the ebonite plate being in- 
verted, the upper metal covering (which is now, however, 
lying on the unrubbed ebonite surface) must give positive 
electricity when it is lifted, as the plate did before. 

This, however, is not the case. Ifwe turn the ebonite plate 
over, the upper metal covering, on being lifted off, gives nega- 
tive electricity, while formerly it gave positive. 
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The differential inductometer, which gave positive in both 
cases, is therefore not a sufficiently accurate scheme to explain 
why we get, 

(1) when the rubbed surface is above, a + spark, 

(2) when the rubbed surface is below, a — spark, from 
the lifted metal. 

The simplest completion of the differential inductometer 
having only one inductor plate, to make a scheme of the elec- 
trophorus, is effected by adding a second inductor plate (a posi- 
tively charged one), which corresponds with the underside of 
the ebonite plate. In fact, after beating, the ebonite plate 
attaches itself so closely to the metal sole, that I could hold the 
sole vertical without the ebonite plate sliding down. At first 
the negative layer of the rubbed surface induced positive elec- 
tricity in the metallic sole. The induction is followed by con- 
duction and discharge; a part of the positive electricity goes 
over from the sole to the lower side of the ebonite plate. On 
the other side the negative electricity penetrates deeper from 
the upper surface into the ebonite; so that there are two layers 
on the ebonite plate—a negative one on the upper side, a posi- 
tive one on the lower side. For the understanding of the ques- 
tion, it is here sufficient to regard these layers as plane, 
without discussing the question of the thickness. 

With the help of these two layers we have to explain the two 
observations :— 

(1) The + spark when the metal plate is lifted from the 
rubbed surface; 

(2) The — spark when it is lifted from the unrubbed one. 

For the proof of this theory we shall deduce further conse- 
quences from it; and we shall have to confirm these by experi- 
ment. The complete scheme of the electrophorus consists of 
four plates :— 

(1) One negatively charged; 

(2) One positively charged. 

These two are as inductric bodies. 

(3 and 4) Both metal coverings as inducteous bodies (indu- 
cendus). 

To be brief, we will call the covering on the rubbed negative 
surface of the ebonite plate “cover;” that on the other, positive, 
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anrubbed side, “sole;”’ so that we have in succession 
cover, 
negative layer, . 
positive layer, 
sole. 
Let us call 6 the distance of the sole from the positive sur- 
face, and d the distance of the cover from the negative layer. 
If cis the thickness of the ebonite plate, a layer of air 
thinner in the ratio of the inductive capacity of the ebonite 
(2:2) would correspond to it, 2. e. of the thickness 
G 
om 227 
so that in our scheme the four metal plates would stand at the 
distances 


OF fe ta. 
The rubbed side may contain the quantity of electricity 
=k 


and from the sole the part 
+ak 
of the induced quantity may have passed on the unrubbed 
surface: 
a fees Ss 
Sole. -+aE. —E. Cover. 
Then, according to the equations (1), (3), and (4), the quan- 
tity — Ei induces a total amount of + KE, viz.:— 
In the sole. 


In the cover. 
+d +b+e 
b+d+d b+eé+d ~ 


In the same manner the quantity of the lower side +aE in- 
duces a total of —aH, viz.:— 


In the sole. In the cover. 
—ac’ —ad | —abh 
b+d+d ~ b+e+d ~ 
So that all together is induced :-— 
In the sole. In the cover. 
+d—ad —ad +b+¢—ab 
b+é+d b+ce+d 


The numerator of the electric quantity in the cover 
+b+c¢—ab 


DR. J, MOSER’S ELECTROSTATIC INVESTIGATIONS. 319 


is always positive. That is, there is always induced in the 
metallic covering on the side of the rubbed surface positive elec- 
tricity; and we get, on removing the plate, a positive spark. 

On the other hand, we recognize that the numerator of the 
electric quantity in the sole 

+d—ad —ad=d(1—a)—ac’, 

ac’ being constant, changes its sign when d increases: viz. d 
(that is, the distance of the cover) being small, negative elec- 
tricity is induced in the sole, and we get, on lifting the sole, 
a negative discharge. This distance d, however, is small, 
almost nothing, if we invert the ebonite plate and lay it with 
its rubbed surface close to the metal plate. Then we get from 
the upper metal plate (the sole), on lifting it, a negative dis- 
charge. Thus the two phenomena which we intended to ex- 
plain, (1) positive discharge in the original position, (2) nega- 
tive discharge in the inverted position, of the ebonite plate, are 
deduced from our theory. 

The electrophorus contains, therefore, two inductric layers— 
one negative, on the upper side, one positive, on the lower side of 
the ebonite plate. 


Experiments with the Electrophorus. 

If the theory developed by us is true, the consequence which 
we are about to draw now must be confirmed by experiment. 
According to the last formula for the numerator of the electric 
quantity of the sole, positive electricity must be induced in the 
sole when the distance d of the rubbed surface from the cover 
is increased, so that we get 

d.(1—a)>ac’. 

This happens indeed, as we see, if we lay the inverted ebonite 
plate, not immediately on the cover, but place it insulated some 
height above the cover, as Herr von Bezold has done already. 
Now the other plate, the sole, being laid on the unrubbed sur- 
face, uninsulated and lifted, gives a positive spark. Whilst 
the sign of the electricity of the cover (the plate on the side of 
the rubbed surface) is always positive, the sign of the elec- 
tricity of the sole (the plate on the side of the unrubbed sur- 
face) changes. It is positive when the distance of the other 
metal plate (the cover) from the rubbed layer is small; on 
the contrary, it is negative when this distance is great. 
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In other words, when the cover is on the side of the stronger 
negative inductric layer, the induction of the latter always 
prevails ; in it positive electricity is induced. me: 

In the sole, however, the nearer but weaker positive layer 
induces negative electricity. To this there is to be added the 
positive electricity induced by the stronger but more distant 
negative inductric layer. The more distant the cover is, the 
more positive electricity is induced in the sole ; so that, the 
distance of the cover being large, more positive than negative 
electricity can be induced. 

On the two sides of the ebonite plate the sign of the dis- 
charge is differently affected. 

1. The ebonite plate lying close to the metal plate, the 
other, lifted, metal plate gives :— 

(a) The rubbed surface being above, a positive discharge; 

(5) The unrubbed surface being above, a negative discharge. 

2. The ebonite plate lying some height above the metal 
plate, we get, on the contrary, quite indifferently, whether — 
(a) the rubbed surface is above, or (b) the unrubbed surface, 
in both cases positive discharges. 

Thus we have the means of recognizing not only— 

(1) on which side an ebonite plate is charged positively, 

(2) on which side it is charged negatively, but also 

(3) if it had been charged originally negatively on the one 
side or 

(4) positively on the other side. 

For this purpose we place the ebonite plate to be tested close 
to an uninsulated metal plate. Then we put a second metal 
plate on the ebonite disk, uninsulate it, and try the electricity 
induced in it; the opposite one exists in the upper surface 
of the ebonite plate. 

The ebonite plate is now inverted, put again close to the 
uninsulated metal plate, and the kind of electricity of the other 
surface of the ebonite plate is determined in the same manner. 
Thereby we learn which kind of electricity exists’ in each 
surface. 

Now the ebonite plate is tested at some height over the 
meta! plate, at first in the original, then in the inverted posi- 
tion ; itis, however, tu be lifted so high that in both cases the 
same kind of electricity is induced. Then the plate contains 
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a surplus of the opposite kind, and has been charged with it 
originally on that side on which according to our trial it exists. 

Adding the two quantities of electricity which we have 
found induced in the sole and in the cover, we get, in accord- 
ance with our supposition, 


Ha). 


The greater the quantity which is induced in the cover, the 
less is induced in the sole, and vice versd. If we join the cover 
with one electroscope and the sole with another, both electro- 
scopes show a segs ually on moving one of the plates, but in 
opposite senses. 

Through a conducting wire from the cover to the sole there 
flows a current on moving one of the plates; so that the quan- 
tity which flows to the sole has left the cover; whilst in the 
electrophorus itself between sole and cover (i. e. in the re- 
maining part of the circuit) changes of induction take place. 
In the ordinary experiments with the electrophorus this con- 
ducting wire is represented by the earth, the base being unin- 
sulated. Here we can speak of a circuit only with the same 
right as in the case of a telegraphic battery with earth-con- 
duction. Ifthe conduction is broken by insulating the sole 
after having it uninsulated, the electrophorus is without effect. 
As to the changes of induction in the interior of the electro- 
phorus (which we may imagine as a polarization of the dielec- 
tric), I will further adduce the following experiments :-— 

If the ebonite plate, put on the uninsulated base, is strongly 
excited, it attaches itself to the base. If now the cover is put 
on and both metal plates are uninsulated at the same time, it 
attaches itself to the cover, so that we can lift the plate 
by means of the cover. A current of positive electricity has 
flowed at the moment of uninsulating from the sole through the 
outer conducting wire to the cover. Before the current has 
flowed, the induction (polarization) went wholly through the 
ebonite plate; after the current the inductive (polarizing) 
effect of the excited layer extends, for the greater part, through 
the thinner interval of air to the cover, and only for a smaller 
part of it through the thicker ebonite plate to the sole. 

Finally, I may mention an experiment in which branching 
of induction, as well as branching of conduction, may easily 
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be observed. I beat the ebonite plate lying on the uninsulated 
base, and put on the excited surface of the first another equal, 
but not excited, ebonite plate, and then on this the metal cover. 
This cover, being uninsulated and lifted, gave positive sparks, 
just as if there had been in place of the upper ebonite plate a 
corresponding layer of air. Immediately after this I tried 
the upper ebonite plate, endeavouring to use it alone as the disk 
of an electrophorus. But this trial did not succeed; the plate 
was ineffective. 

Now I repeated the experiment, laid the same plate again on 
the rubbed surface of the first ebonite plate, put on it also again 
the cover, but left the apparatus unaltered during twelve hours. 
In this case there is ebonite on the two sides of the inductric 
layer of the ebovite plate; induction extends from this layer 
through ebonite to the sole and to the cover. In the same 
manner the conduction—the penetration or absorption of elec- 
tricity—must take place to both sides; and I expected that the 
negative electricity would penetrate not only into the lower 
ebonite plate, but would go over to the upper plate also. This 
is indeed what took place. After twelve hours the upper plate 
could be used as the disk of an electrophorus. Both plates 
gave now strong and, as it seemed, equal effects. As was 
to be supposed, the upper plate was negatively charged on its 
lower surface, with which it lay on the inductric layer, and 
had therefore to be inverted in order to give similar discharges 
to those of the first plate. 

If we fix our attention specially on the upper ebonite plate, 
we find:— } 

(1) That the effect of induction through it began almost 
instantaneously (for immediately after having laid this upper 
plate on the excited lower one I could put on, lift, and dis- 
charge the cover); and that this effect of induction had disap- 
peared also almost instantaneously when I tried to use the 
plate alone for the electrophorus. 

But, further, we have seen (2) that slowly another inherent 
change took place: a penetration of electricity occurred which 


ve the plate more duringly effective as an electrophorus-. 
isk. 
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XXXII. On a Wave-apparatus for Lectwre-Purposes to illus- 
trate Fresnel’s Conception of Polarized Light. By C. J. 
WoopwarD, B.Sc. 

[Plate XIV.] 


In the ordinary apparatus for illustrating a plane wave, a 
series of cranks or eccentrics are attached to one axle, the 
successive cranks or eccentrics being turned through small, 
. but equal angles. Attached to the cranks or eccentrics are 
rods, each of which is terminated by a ball, to represent one 
of the particles of the wave. On turning the axle each ball 
rises and falls in succession, producing a plane wave. This 
apparatus is known as that of Powell. 

The arrangement I am about to describe consists of two 
such apparatus, with the rods connected together at right 
angles to eachother. The axles of the apparatus are linked by 
a rod so that they turn together; and, finally, an adjustment 
allows the cranks to be placed relatively to each other in any 
desired position. 

The apparatus, divested of supports and accessories, is shown 
in the figure, drawn in isometric perspective. The cranks 
6, 5, 4, 3, &e. turn with the axle X. The cranks are 
placed successively at 30° angular distance, corresponding in 
position to the figures on a clock-dial ; and as there are twelve 
cranks, one complete wave is represented by a single turn of 
the axle. 

On the axle X’ is arranged a precisely similar set of cranks. 
Around each crank is put a metal strap connected with a light 
wooden rod. These rods, a, b,c, &c., a’, b’, c, &e., are now 
connected in pairs at their free ends each by a pin; so that 
each pair now resembles a pair of compasses with the legs at 

right angles to each other. Around each pin is loosely wrapped 

a wire having a bullet-cast at one end; and to the other end 
of the wire, which, from the action of the bullet, projects ver- 
tically above the rods, is attached a pearl bead. When each 
pair of rods has been thus treated, we have a row of beads 
representing the ztherial molecules composing one wave. 

To the axle X is fastened a metal disk, D, to which is 
attached near the edge a pin, p, surrounded by the loose 
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handle, H. On the axle X’ is a similar disk, but in which 
eight holes are drilled at 45° from each other. The holes are 
all tapped, that the pin p’, surrounded by the handle H’, may 
screw into any one of them as desired. A rod, R, connects 
the two pins p and p’, so that both axles can be turned together. 

To describe the action of the apparatus, it should be pre- 
mised that the starting-point of each crank is when the crank 
and rod are in the same straight line. Thus, regarding for 
the moment the first left-hand crank only, it will be at the 
starting-point, or zero, when the crank 6 has moved on 45° to 
the left. Similarly with the first right-hand crank, it will be 
at zero if moved back through 45° to the right; so that, in the 
position shown in the figure, the left-hand crank has moved 
through seven eighths of a revolution, while the right-hand 
crank has moved through one eighth ; or the difference of 
their phases is six eighths, or three quarters ; and on turning 
the cranks, a wave corresponding to circularly-polarized light 
is produced, each bead describing a circle in succession. Bring 
now the cranks into the position of the figure, unscrew the 
pin p’, and, keeping the left-hand crank steady, move the 
right-hand crank to the vertical position upward. Now the 
left-hand crank, as before, has made seven eighths of a revo- 
lution, but the right-hand crank five eighths, 7. e. a difference 
of phase of one quarter. On inserting the pin p’ and now 
turning the cranks, the beads will describe the same wave as 
before. Now keep the left-hand crank in its first position (the 
position in the figure), remove the pin p’, and turn the right- 
hand crank until it is at 45° from the vertical below and to 
the left. The left-hand crank, as before, has made seven 
eighths of a revolution, the right-hand one two eighths, or 
there is a difference of phase of five eighths ; and on now 
inserting the pin and turning the cranks, the wave produced 
corresponds to an elliptically-polarized ray. Of course, if the 
difference of phase be made one eighth or any odd number of 
eighths, the same kind of wave is formed. Again remove the 
pin, keep the left-hand crank in its first position, and turn the 
right-hand crank to 45° above the horizontal and to the right. 
Insert the pin; and on turning the cranks a plane vertical wave 
will be produced, the cranks being in similar positions, each 
starting at seven eighths of its revolution. Finally, adjust the 
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right-hand crank till the difference of phase is half a revolu- 
tion, when a plane horizontal wave will be produced on turn- 
ing the cranks. 

I take the opportunity of acknowledging the assistance of 
my pupil, Mr. William Hall, who made several parts of the 
apparatus in a simple and ingenious manner. 


XXXITI. On the “ Rotational Coefficient” in Nickel and Cobalt. 
By E. H. Haut, PA.D., late Assistant in Physics in the 
Johns Hopkins University, Baltimore*. 


Tus article may be considered as the continuation of one 
published in the ‘ Philosophical Magazine’ for November 
1880, under the title “On the new Action of Magnetism 
on a Permanent Electric Current,’ in which were given 
the results of some quantitative investigations of a certain 
phenomenon recently discovered in the Physical Laboratory 
of the Johns Hopkins University. It will perhaps be remem- 
bered that the essential feature of this phenomenon is the set- 
ting up, in a conductor bearing an electric current, of an 
electromotive force at right angles to the primary electromo- 
tive force, when the said conductor is subjected to the action of 
a magnetic force at right angles to the direction of the current. 

In the article alluded to, results were given as obtained with 
gold, silver, tin, platinum, iron, and nickel. The magnitude 
of the effect observed, relatively to the strength of the primary 
current, the intensity of the magnetic field, and the dimen- 
sions of the conductor, had not been determined with any 
accuracy in the case of nickel and tin, though it. was known 
to be comparatively large in nickel and small in tin. The 
other metals ranged themselves, as regards the numerical 
magnitude of the effect exhibited, in the following order, viz. 
iron, silver, gold, platinum—the effect observed in iron being 
several times greater, and that in platinum several times less, 
than the effect in gold or silver. The fact of greatest interest, 
however, was that, if we called the direction of the transverse 


* Read May 28, 1881, 
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effect in iron +, that in the diamagnetic metals, and in nickel 
and platinum also, would be —*. 

In view of this remarkable disagreement in behaviour be- 
tween the two strongly magnetic metals iron and nickel, it 
seemed highly desirable to make a quantitative investigation 
of the effect in nickel as soon as possible, and extend the ex- 
amination to the other strongly magnetic metal cobalt. Most 
of the experiments to be described in this article relate, there- 
fore, to nickel and cobalt. The examination of the latter was 
a hasty one, and may well be described first. 

No thin strips of the metal being at hand, a slice was sawn 
from a small block of moderately pure cast cobalt and worked 
into the form of a cross. To the extremity of each arm of this 
cross was soldered a thin strip of copper 2 or 3 centim. long, 
for the purpose of making the electrical connexions. The 
cross of cobalt with the copper strips attached was now fast- 
ened with hard cement to a strip of glass and worked down 
with a file to sufficient thinness. Before placing the cross 
upon the glass its thickness, and that of the glass also, was 
measured by the calipers. After cementing the two together, 
the total thickness was found, and, again, the thickness of the 
whole after the cross had been filed down. The thickness of 
the cross in its final condition was thus estimated at °45 mil- 
lim., to which value an uncertainty of perhaps 10 or 15 per 
cent. attaches. 

With this apparatus it was found that the direction of the 
transverse effect in cobalt is +, 7. e. the same as that in iron. 


As to the magnitude of the effect, ae was found to be 


44 x 10”, placing cobalt between silver and iron. The speci- 
men of cobalt used, however, contained some nickel (how 
much is not known accurately); and this doubtless counter- 
acted in part the effect of the cobalt. It seems probable, 
however, that, allowing for all errors, the transverse effect in 


* These signs are given to avoid tedious repetitions. I have here called 
the effect in iron + simply because its direction in this metal is that which 
the conductor itself bearing the current would follow, if free to move 
across the lines of magnetic force under the action of the ordinary “ pon- 
deromotive” force. No significance further than this is at present 
attached to this choice of signs, 
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cobalt is less than that in iron, other things being equal. The 
magnetic field used was about 9000 (cm.-gr.-sec.), stronger 
than has yet been used with iron. 

We now return to the consideration of nickel. 

The original experiment with this metal had been made with 
a specimen so irregular, that it had not been possible to deter- 
mine the magnitude of the transverse effect except in the most 
general way. The direction had been determined beyond ques- 
tion. The specimen of nickel now employed, and with which 
the results to be given were obtained, was quite different in 
appearance and physical condition from the first specimen— 
though it was obtained in about the same manner, viz. by 
stripping off a piece of nickel plating from the metal upon 
which it had been electrolytically deposited. The first spe- 
cimen was very brittle, the second quite tough. The latter 
was about ‘001 centim. thick. As to its purity hardly any 
thing is known except what is told by its physical characte- 
ristics. It is probably affected by all the impurities of ordi- 
nary nickel plating. It contains very likely a little cobalt, 
and perhaps a trace of iron. I understand, moreover, from 
Professor Wolcott Gibbs, that nickel plating depos:ted in the 
usual manner (7. e. from an ammoniacal solution) is much 
affected in its physical properties by nitrogen in some way 
retained by the metal. It would have been desirable, of 
course, in all cases to work with pure metals; but such were 
not at hand, or easily obtainable in the proper form, and it 
was not thought best to defer the experiments until pure spe- 
cimens could be obtained*. 

The second specimen of nickel showed an effect of the same 
sign as the first, and numerically greater than the effect which 
had been observed in the specimens of iron and cobalt used. 

It now became a matter of great interest to determine 
whether the transverse effect had really any connexion with 

 * This may strike some readers as unwise. It has even been suggested 
that the difference in behaviour of iron and nickel may be due to impuri- 
ties in one or the other. This suggestion implies that the transverse 
effect in these metals is so related to the magnetic properties that, as they 
resemble each other in one respect, they should also in the other, but at 
the same time admits that slight impurities, such as would certainly be 
very far from reversing the magnetic property of either metal, may reverse 
the transverse effect in the same. This does not seem probable, 
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the magnetic properties of the metals. It was determined 
therefore to make a series of experiments, keeping the primary 
current through the metal as nearly as practicable always of 
the same strength, but varying within wide limits the inten- 
sity of the magnetic field. We should in this way ascertain 
whether the transverse effect was simply proportional to the 
strength of the magnetic field, or was related to it in some 
more complicated manner. 

By the term “strength of the magnetic field,” as just used, 
is meant the intensity of the field between the poles which 
obtains when the metal plate is not in the field. This inten- 
sity is measured, as described in the article already alluded to, 
by withdrawing suddenly from the field a small coil of wire 
and observing the effect upon a galvanometer in circuit with 
the coil. This gives what is called the magnetic induction in 
this part of the field. In general, the magnetic induction in 
any magnetized space would be changed by introducing into 
that space a body capable of being magnetized by induction. 
The well-known expression for the magnetic induction within 
any such body placed in a magnetic field is (Maxwell’s 
‘Treatise,’ vol. ii. art. 428) 

B= H+4r33 .°. . eee Cl . 
where § is the magnetic force within the body (Thomson’s 
‘ Polar Definition,’ reprint, p. 397), and 3 is the intensity of 
magnetization (Maxwell, art. 384). 

Now, in case of uniform magnetization, § is equal to the 
intensity of the field as it would exist if the body magnetized 
by induction were removed (%. e. just what we measure by 
means of the coil and galvanometer), together with the force 
exerted by what we may call the magnetism induced on the 
surface of the magnetized body. This latter force will, of 
course, depend upon the shape and dimensions of the bats 
If it is a very thin disk, the reaction of the induced magnetism 
will, as Maxwell remarks, be equal to —473; and in this 
case, writing %* for the intensity of the magnetic field as 
above defined, we have 
Substituting in (1), we have 

B= io ae Ae cea eign 


* Called M in previous article. 
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which means that, in a very thin disk magnetized by induc- 
tion, the magnetic induction is just what it would be in the 
space occupied by the disk if the disk were removed from the 
field. Now the strip of nickel which we employ has a width 
600 or 800 times its thickness ; and it has been assumed that 
we may, for our present purpose, regard it as suchan infinitely 
thin disk as Maxwell supposes. The error resulting from this 
assumption may easily be seen to be small. At the centre of 
the strip of nickel the real value of 8 would be perhaps 44 of 
one per cent. greater than the value as above determined. At 
a point 1 millim. from the edge of the strip the error might 
amount to 4 or } of one per cent.; while at +15 millim. from 
the edge it would perhaps -be two or three per cent. The 
average of the real values of 8, therefore, at points along 
the line running across the strip from one side connexion 
to the other, is probably a rather small fraction of one per cent. 
greater than the value obtained on the assumption that B is 
equal to §. This error is, to be sure, not constant; but it is 
nearly so up to 8= about 5000; and whenit begins to change 
rapidly, it grows smaller. 

Its influence upon the curve given further on must be very 
small. We assume therefore, as stated above, that by deter- 
mining the strength of the magnetic field by means of the coil 
and galvanometer before the nickel is placed in the field, we 
ascertain with sufficient accuracy the value of the magnetic 
induction in the nickel strip itself when placed in the mag- 
netic field. The advantage of determining this quantity is of 
course very great ; for though we are probably unable to say 
what is the exact physical nature of magnetic induction, we 
do attach to the quantity represented by that term a very 
definite and important mathematical significance. 

It was designed, therefore, to investigate the law of the 
variation of the transverse effect with the variation of the 
- magnetic induction. Nickel was the best metal to experiment 
upon, for the following reasons: the strip of this metal at 
hand was very thin ; the transverse effect appears to be essen- 
tially more powerful in nickel than in iron or cobalt; the 
magnetic permeability of nickel changes more rapidly than 
that of iron or cobalt with high magnetizing-powers. 

As it was desired to determine simply what function of the 
VOL. IV. 2B 
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magnetization the transverse effect would prove to be, the pri- 
mary current through the nickel strip has been kept approxi- 
mately constant, the greatest variation from the mean being 
probably not many per cent., as will be shown further on. 
Within these limits it has been assumed that the transverse 
effect may be considered a linear function of the direct current. 

It should be here stated that this latter relation has not yet 
been proved to hold rigidly even in a non-magnetic conductor 
like gold; and the matter must some time be investigated, 
though there seems to be no reason to think that the assump- 
tion, as above limited, can prove to have involved any consider- 
able error. 

The intensity of the magnetic field, and so the magnetic 
induction in the nickel plate, has been varied from about 1600 
to about 10,000 in absolute (cm.-grm.-sec.) measure. 

In the course of this investigation I have become indebted 
to nearly every one connected with the Physical Laboratory 
of the Johns Hopkins University, but particularly to Mr. S. 
H. Freeman, Fellow in Physics, and Mr. H. R. Goodnow, 
Special Student in Physics, who for a while carried on 
the experiments together. Mr. Freeman especially worked 
with me for along time; and several suggestions of his in 
regard to the arrangement of apparatus and the method of 
experimenting were adopted with great advantage to the work. 

In my last article on this subject the results of measure- 
ments were given in the form aN , where M was the 
strength of the magnetic field*, V was the direct current 
divided by the section of the conductor, and KH’ was the trans- 
verse electromotive force per centimetre of the width of the 
strip. In that article were given certain reasons for thinking 
the above quantity more likely to be a constant for any given 


metal than the quantity ae , where E is the electromotive 


force per centimetre of the length of the metal strip. Recent 
developments, to be spoken of fnrther on, raise the question 


MxE . 
_ will not after all prove to be the more 


whether the ratio 


fundamental and invariable quantity; but as E is rather dif- 
* Called § in this article. 
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ficult to determine with accuracy, and as in any given strip of 
metal V is likely to remain under ordinary conditions of tem- 
perature &c. very nearly proportional to H, the use of the 
former quantity will be retained for this article at least. The 


values of M [$§] will be given separately, however; and, for 
/ 


convenience in plotting the results, the quantity = will be 


used instead of He The values of § will, in plotting, be laid 
/ 


off as abscissas, and the values of ¥ be taken as ordinates. 


This method of plotting gives a simple curve in the present 
case, and puts the results of the experiments in form to be 
compared with those of previous investigations of some of the 


/ 
magnetic properties of nickel. It is this quantity 2 which, 


after Maxwell, in accordance with the suggestion of Mr. Hop- 

kinson*, is now called the “rotational coefficient”’ of nickel. 

Mr. Hopkinson has suggested “ rotational coefficient of resist- 

ance;’’ and possibly some quantity might be found which 
We 


would demand that title. At first sight - which is an elec- 


tromotive force divided by a quantity proportional to a cur- 
rent, would seem to be of the nature of a resistance ; but it is 
to be noticed that the electromotive force H’ is not the cause, 
but the effect, of the current implied in V. 

In the experiments which I have described in previous 
papers, no account was taken of the temperature of the con- 
ductor experimented upon. When these experiments upon 
nickel, however, had been going on for a long time, it began 
to be suspected that the temperature of the room, and so of 
the nickel plate, did exercise a very considerable influence 
upon the magnitude of the transverse effect as expressed by the 

/ 


. ratio Vv 


* Phil. Mag. Dec. 1880, p. 430. Prof. Rowland has (Phil. Mag. 
April 1881, p. 254) remarked upon Mr. Hopkinson’s note. Maxwell did 
not know any such effect to exist. In fact he expressly stated that it pro- 
bably did not exist; yet, seeing the possibility of it, he let fall the phrase 
which seems now best fitted to define this newly discovered property of 
the metals. 


ys Oi 
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A few hasty experiments with considerable ranges of tem- 
perature in the room indicated very decidedly that the tempe- 
rature was a factor to be considered, and that the higher the 
temperature the greater the value of E’, other things being 
equal. The magnitude of this influence can hardly be deter- 
mined from results thus far reached. It may prove that the 
transverse electromotive force H/ is no more increased by a 
rise of temperature than the direct electromotive force E* is ; 


and in this case it would appear, as intimated above, that the 
/ / 


E 
ratio - is the one to be investigated rather than v" 


Future investigation must determine this matter; and mean- 
while it has been sought to avoid evil consequences by regu- 
lating, as well as practicable, the temperature of the nickel 
plate. Sometimes an experiment had to be made at a rather 
high temperature for instance; and an attempt would then be 
made to balance this by making another with about the same 
strength of magnetic field but at a low temperature, or vice 
versa. There was, however, even now no attempt to deter- 
mine the actual temperature of the nickel; but a thermometer 
was hung up with its bulb close to the plate, and as nearly as 
practicable always in the same position with respect to the 
latter, and both plate and thermometer were protected from 
sudden changes of temperature. As the nickel was of course 
heated by the current, its temperature must have been always 
considerably higher than that indicated by the thermometer. 
Moreover this difference must have varied somewhat with the 
strength of the direct current; so that the temperature read 
can be assumed to give only a very rough indication of the 
changes in temperature of the nickel. 

None of the numerical results of measurements made with 
nickel before the disturbing influence of temperature was dis- 
covered are here published. In some of the results afterwards 
obtained, however, the effects of variations of temperature can 
apparently be detected, as will be pointed out hereafter. 

The general method of experiment has been already suffi- 
ciently described in previous papers. There will now be given 


* Apparently E’ is in nickel affected by temperature more than E in 
most metals would be; but the rate of increase of the resistance of nickel 
with rise of temperature seems not to be known. 
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in tabular form the most important data involved in this ex- 
/ 
amination of nickel, and the values of - obtained. The abso- 
lute strength of the primary current through the nickel strip 
in any case is not given, as, by the method of experiment, 
both the constant of the galvanometer used to measure this 
current and the horizontal intensity of the earth’s magnetism 
at this galvanometer (this intensity being assumed to be con- 


/ 
stant during any one determination of = are eliminated from 
/ 
the formula for v: There will be given, however, the tan- 


gents of the angles of deflection of the galvanometer-needle, in 
order to show about what were the limits of variation of the 
primary current. It may be well to state that this current 
was what one Bunsen cell would send through—say, six or 
eight ohms. It will be seen that there are variations of about 
6 per cent. in tana; and the actual variations in the primary 
current may possibly have been considerably. greater than 
this; for on March 11th, 12th, and 14th the galvanometer 
stood in a different room from that in which it was placed for 
the previous observations, and the horizontal intensity of the 
earth’s magnetism was probably somewhat different in the two 
places. I have, however, as stated above, assumed that within 
the limits of these variations the value of H’ is a linear func- 
tion of the direct current. It is evident that no large error 
can result from this assuinption. 

It will be seen from the table that the experiments began 
with the smallest values of the magnetizing force and went on 
by stages to the highest. This is the proper course to follow 
in order to avoid at any stage of the magnetizing force the 
effects of a previous stronger magnetizing force. It must, 
however, be stated that, before the series of experiments whose 

‘results are here published was begun, the nickel had already 
been several times subjected to a magnetizing force of about 
7500, 4. e. four or five times as great as the forces with which 
this series begins. The question, of course, arises whether 
there may not have been induced by this means a permanent 
magnetism sufficient to affect the results of subsequent expe- 
riments. In order to settle this question as far as possible, a 
small piece of nickel film, of the same quality as the strip in 
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use, was first subjected to the action of a field of about 7000 
or 8000. It was then placed in a field of perhaps 1500 or 
1600, whose direction was such as to tend to reverse any per- 
manent magnetization which might have been induced in the 
film by the previous field. It was found that now in the 
second field the nickel became magnetized, temporarily at 
least, in the direction of that field. No attempt, I believe, 
was made in any case to detect the permanent magnetization. 
In this trial the small piece of nickel film was magnetized, 
not in the direction of its thickness, but in a lateral or longi- 
tudinal direction; so that we do not here have an exact parallel 
to the case of the strip; but it seems probable that magneti- 
zation in the direction of the shortest dimension would be 
much more easily disturbed than that in a longitudinal direc- 
tion. Moreover, just before the series of experiments was 
begun whose results are here published, quite a long series 
was made with magnetizing forces about equal to those with 
which the published series begins; and this treatment would 
have tended, no doubt, to obliterate any traces of permanent 
magnetism due to the action of previous higher forces, even if 
this permanent magnetism had been much greater than we 
have any reason to suppose it was. On the whole, therefore, 
the probability of any considerable error from this source 
seems to be very small. 
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Feb. 24, 1881...... 18'5 ‘330 1667 209°3 
DD 5p tenes 220 “332 1655 211-1 
B62 SEG 21°5 "335 1664 208'1 
26 eee 16:0 336 1735 213-2 
SR a ae. 195 333 2512 3143 
Pan 20:0 333 2512 307-0 
Mar. 1.26 yo 20:0 330 4734 596-1 
» Ramee ite 195 327 4775 596-4 
aera ae 19-0 338 6540 7355 
ts 99 seeeee 20:0 339 6415 726-7 
Se 20°5 340 7996 761-0 
1O:: BN ena 21°5 +324 7791 771-0 
Lie an 21-0 342) Q 8712 783-5 
Lica 18-5 343 | & 8644 755'1 
12 R 20:0 "338 | 2 9561 7724 
1 ee ei 18-0 BSH (eels 9708 759-8 
Laon ee 210 326 | BB 10720 793-3 
44, Saas 21:0 323) *] 10290 7856 
a ee ee ke he 


IN NICKEL AND COBALT. 335 
Laying off the values of 8 on the base-line, and taking the 
/ 


E ; 
values of =, plotted on a convenient scale, as ordinates, we 


V 


have curve (1). It will be seen that this curve is nearly straight 
for a considerable distance, and that if this portion were ex- 
tended backward it would pass very near the origin. Between 
the points corresponding to 8=5000 and 8=8000 the line 
tends strongly to the right, and thenceforward it continues as 
if asymptotic to some horizontal line not very far above. 


line of (3 
for %, : 


forE’, B 1000 zovo + 3000»=S 4000 ~= 6000 ~—-6000 7000 8000 gvod lvvvy 11000 
. . . Dif ~ 
The points marking the highest values of Vv do not fall so 
well in line as one might wish ; but by looking at the table it 
will be seen that there were considerable variations of tempe- 
rature accompanying these observations; and to these varia- 
tions the irregularities can perhaps be in some part attributed. 
; ee 
We see now at once from the diagram that y is not pro- 
portional to %, the magnetic induction in the nickel. Can we 
find any magnetic quantity to which it is more simply related ? 
If we turn to the observations of Prof. Rowland on nickel, 
* Phil. Mag. Aug. 1873 and Noy. 1874, 
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we find that they can, as he says, be plotted in several ways. 
In order to compare them with the observations above given, 
we need to plot them in some manner that will lay off the 
values of 8 (M in Prof. Rowland’s first paper) on the base- 
line. We may then take as ordinates the values of the 
magnetic permeability, as Rowland has done in his first paper 
(plate iii.), or the values of «, Neumann’s coefficient of 
induced magnetization, or the values of , the “ magnetic 
force”’* within the nickel, which would be a reversal of one 
method used by Rowland in his first paper (plate i1.); or, 
finally, we may use the values of 3, “the intensity of magne- 
tization according to the German theory,” as Rowland calls 
it in his second article. 

Having plotted these various curves we may compare them 
with (1) above, in order to determine whether our quantity 

/ 


corresponds most nearly to p, to «, to §, or to 3. 
The curve for [| will, long before % has reached the 


higher values used in the curve for Vv? have reached a maxi- 


mum and returned nearly to the base-line. The curve for « 
[s will be very similar to that for ». We do not, then, 


find suggested a close connexion between mw or « and the 
quantity we are studying. 
The curve for ) bends upward, and is therefore quite dis- 
ee Ki’ 
similar to that for —- 


v 
The values of 3/37] obtained from two of Rowland’s 


series}, made either with different specimens of nickel or with 
one specimen under quite varied conditions, give the curves (2) 
and (3). A separate base-line is taken for each of the three 
curves; and the ordinates of (2) and (3) have been plotted on dif- 
ferent scales, in order to make the general inclination of those 
curves agree with that of (1). The values of 8, however (and 
this is the essential particular in the plotting), are given on the 
same scale for all three curves. The important facts about 


* Thomson’s ‘Polar Definition,’ reprint, p. 397 ; and Maxwell’s Treatise, 
art, 393. 


+ Phil. Mag. Aug. 1873, p. 158, and Noy. 1874, p. 327. 
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the lines (2) and (8) are that they are sensibly straight for a 
long distance, that they appear to come nearly straight from the 
origin, and that they begin to bend perceptibly toward the 
horizontal when $ becomes 4000 or 5000. Although these 
lines are carried only a short distance beyond this region, 
we can yet be sure that the bend ‘is not due to faulty 
observations; for to make an error of 1 per cent. in the value 
of 3 at this point would require an error of very many per 
cent., say 20 or 30, in the value of yw as determined by Prof. 
Rowland. From the manner and rate at which pw was 
changing at the points where his experiments ceased, it seems 
almost certain that these lines would continue to bend, and for 
a time to bend rapidly. Indeed the curve in which Prof. 
Rowland has continued yu beyond the range of his experiments 
would indicate that the curves (2) and (3), if continued a short 
distance further, would turn downward and approach the base- 
line. This, however, would mean that the magnetization 3 
actually decreases after a certain point with increase of the 
magnetizing-force. The possibility of this is spoken of by 
Rowland*; but there seems to be no experimental evidence of 
such an effect; and if it does not exist, it appears altogether 
probable that the lines (2) and (3) would become asymptotic to 
horizontal lines lying considerably higher than any points 
reached by the curves as here given. 

We can therefore say that, so far as actual experiments have 
gone, there seems to be much tending to prove a very simple 
and intimate relation in nickel between the transverse effect 
and the “ magnetization according to the German theory.” 

It would, of course, be desirable to test for some more 
minute agreement than has yet been traced between the curves 


/ 
for me and 3; butsuch a testing would probably be difficult to 


make. An exact agreement could not be expected; for it 
- would probably be almost impossible to obtain exactly the 
same quality and condition of metal in the very different 

; / 


shapes required for experiments on 3 and experiments on a 


There are, however, certain minute characteristics which 
would belong to all curves for 3. Thus (2) and (3) should not 


* Phil. Mag. Nov. 1874, p. 322. 
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be straight at any point. They are lines of double curvature, the 

steepest part of each being not far from 8=2000. The cur- 

vature in this region, however, is very slight; and to detect a 
/ 


corresponding curvature in the line for vy? if such exists, 


would be a matter of considerable difficulty, though not, 
perhaps, impossible. 

Having gone thus far with nickel, we might, were it not for 
the anomaly presented by the sign of the rotational coefficient 
in iron and cobalt, make a prediction by analogy as to what 

/ 


would prove to be the character of the curves for v in these 


metals. We should say that they would be sensibly straight 
for a much longer distance than the curve for nickel, and that 
in fact it might be difficult to carry the magnetization far 
enough to detect any marked departure from a straight course. 
So great a difference in behaviour as is indicated by a reversal 
of the sense of the transverse effect, however, makes any such 
predictions hazardous. 

This difference of sign in the rotational coefficients of the 
magnetic metals is so anomalous and so important a fact, that 
one returns again and again to its consideration. Quite 
recently the determination of this sign for all three metals has 
been made anew. I have now tested, in all, four plates of iron 
(three of them having been cut from the same sheet, but the 
fourth being of a different thickness and probably of a some- 
what different character), two plates of nickel (certainly very 
different from each other in condition), and one specimen of 
cobalt. With all these the record is perfectly consistent. 
Nevertheless it would be desirable to examine more specimens, 
and those differing widely in character. Different experimen- 
ters have observed many peculiar effects in iron under the 
influence of magnetism and the electric current, magnetism 
and mechanical strain, or the combined influence, which in a 
certain form we have here, of all three; and these effects 
appear to differ greatly, and sometimes to be of different signs, 
in soft iron and hard iron or steel. Thomson has found* 
that, under conditions of the above character, soft iron and 
nickel are, in certain apparently very important particulars, 


* Phil, Trans. May 1878. 


IN NICKEL AND COBALT. 3839 


opposed in behaviour. I have looked in vain through all the 
facts of this kind with which I am acquainted for any plausible 
explanation of the fundamental phenomenon of the transverse 
action, nor can it be said that any clue has been found to the 
cause of the diversity observed. Nevertheless the opposition 
which Thomson has found in the behaviour of soft iron and 
nickel, under conditions of magnetism and mechanical strain, 
furnishes an analogy which should not be lost sight of. 
Thomson has moreover noticed that the effect which he was 
studying in soft iron became reversed in this metal at a 
very moderate value of the magnetizing force. It might be 
well to test the direction of the transverse effect also with 
very small intensities of the magnetic field. 

An extended examination of the effect in iron and cobalt, 
similar to that which has been made in the case of nickel, 
should be undertaken as soon as practicable. It will require 
very great intensities of the magnetic field and a very large 
battery* to carry these metals through a range of magnetiza- 


* In the experiments here detailed, the largest battery used has con- 
sisted of 48 large Bunsen cells arranged 8 in series. The resistance of 
each cell was probably something more than an ohm; the resistance of 
the electromagnet is, I think, rather less than an ohm. The resistance of 
the connexions was considerable, however; and the battery probably gave 
about its best effect. 

After this powerful battery had been applied to the electromagnet, a 
rather singular effect was observed on returning to the use of weak cur- 
rents. In making observations in the usual way to determine the strength 
of the field produced by these weak currents, it was found that the im- 
pulses given to the galvanometer-needle were very capricious. These 
observations may be arranged under two heads, + and —, according to 
the direction of the current through the electromagnet, this current being 
usually reversed after each withdrawal of the little coil from between the 
poles. The observations being arranged in this way, it would be found 
that there were occasional sudden changes of many per cent. in the read- 
ings in the same column, Of course the most obvious explanation of the 
phenomenon was that some connexion was loose, either in the circuit of 
the galvanometer and the test-coil or in that of the electromagnet. That 
the fault was not in the furmer circuit was made probable by the fact that 
by means of the earth-inductor, which was in the same circuit, quite uni- 
form deflections of the galvanometer-needle were produced. To test for 
a fault in the magnet circuit, a tangent-galvanometer was introduced into 
it and its deflections observed during the series of observations on the 
strength of the field. 

The readings of the tangent-galvanometer decreased slowly with the 
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tion corresponding to that through which nickel has been 
examined. It seems doubtful whether the magneto-electric 
machine can be here employed, as the current which it pro- 
duces may not be sufficiently uniform to be used with ad- 
vantage. 

The examination of the non-magnetic metals also should be 
continued us fast as circumstances will permit, with the object 
of determining the sign and, when practicable, approximately - 
the magnitude of the rotational coefficient in every case. 


In my article of last November I stated that, in accordance 
with Prof, Rowland’s suggestion, I had tested. ‘the Kerr effect 
with one specimen of nickel, and found it to be of the same 
sign as the effect which Kerr had observed with iron. In 
order to prevent mistakes, the experiment was repeated with 
iron, or rather, I suppose, with steel, the result being the same 
which Kerr had obtained. The surface of nickel first used in 
this way was the coating upon one of the plates of Prof. Row- 
land’s absolute electrometer, the metal beneath being brass. 
Two other specimens of nickel have since been tried. One 
was a coating deposited electrolytically directly upon the iron 
pole of the electromagnet, the other was a nickel film fastened 
with soft cement to a plate of glass. Probably none of 
these specimens was pure; but (and this is a matter of more 
importance) the third was of precisely the same character and 
origin as the specimen in which the transverse effect was 
studied. The Kerr effect is of the same sign in all three 
plates of nickel, 7. e. of the same sign as the effect in iron. 

One specimen of cobalt has also been tested for this effect. 


running-down of the current; but the changes were quite regular, and not 
at all of a character to account for the irregularity of the other observa- 
tions. The most plausible explanation I could finally propose was, that, 
this irregularity in the strength of the magnetic field was due to a sort of 
uncertain struggle between the action of the present weak magnetizing 
current, and the magnefization previously induced by the strong currents 
in the pales of the electromagnet, which are not, I believe, of very soft 
iron, and are probably capable of considerable permanent magnetization. 
I do not by any means feel able to assert, from my rather hasty observa- 
tions, that there can be no other explanation, I have, however, simply! 


thought the matter of sufficient importance to justify me in recording what 
seemed to be the fact, | 
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A block of cast cobalt, quite similar to that from which was 
cut the cross mentioned in the first part of this article, was 
sawn in two, and one of the fresh surfaces was made quite 
smooth with a file and then polished with emery. It is not 
difficult to get a sufficiently good surface. An hour’s work 
might prepare it. 

With sunlight and a tolerably strong magnetic field, say 
4000 (cm.-grm.-sec.), the rotation produced by cobalt was de- 
tected, and found to be of the same sign as that observed with 
nickel and iron. 

The fact that nickel behaves like the other magnetic metals 
in optical effect, but differently from them in the transverse 
electrical effect, is on its face undoubtedly an argument against 
the theory which refers the two effects to the same cause. In 
order if possible to examine the optical effect in a somewhat 
different manner, an attempt has been made to detect an action 
of magnetized nickel upon polarized light transmitted directly 
through it. For this purpose a thin piece of glass was coated 
_ over a part of its surface with nickel by Wright’s process*, 

the action being stopped before the nickel film became thick 
enough to be opaque. It was found, however, that the glass 
alone, although only about 4 millim. thick, perceptibly rotated 
the plane of polarization of the light sent through it when 
subjected to the very strong magnetic field employed. The 
.action produced by the nickel and glass together was of the 
same sign as that produced by the glass alone; and as the 
magnitude of the effect could not in either case be measured 
with any accuracy, the experiment was quite negative in result. 
I now, however, took a glass tube, fused the end, and blew out 
the bubble till it burst. A piece of the exceedingly thin film 
thus obtained was subjected to the action of the magnet, and 
most strenuous endeavours were made to detect its action upon 
the beam of polarized light. This action must have been ex- 
‘ceedingly slight, though there is some evidence, which it is 
not necessary to give, that it was detected. The glass, how- 
ever, was coated as the first piece had been, and again with its 
coating subjected to the action of the magnet. ‘The trial was, 
for certain reasons, rather unsatisfactory ; and although no 
rotation of the plane of polarization was now detected, I do 
* Amer. Journ. of Science, Jan. 1877, p. 49, and Sept. 1877, p. 169. 
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not think this fact can be taken as evidence that the effect of 
the nickel had counterbalanced the effect of the glass. Both 
these experiments on direct transmission have been, we may 
say, quite negative; but these details are given as marking 
out a line of research which will probably be some time 
resumed. 

An endeavour has also been made to detect a possible rota- 
tional effect due to reflection from silver when strongly mag- 
netized*. For this purpose two strips of silver upon glass 
were used; and these strips were fastened one upon each pole 
of the magnet, the silvered surfaces being turned toward each 
other and as nearly parallel as practicable. The poles being 
brought near together and the light being let in between the 
silvered surfaces at a large incidence, it was possible to obtain 
twenty or thirty successive reflections before the beam emerged 
toward the analyzing Nicol. Certain difficulties were intro- 
duced by this arrangement; but in spite of these I think that, 
if the action of silver had been one tenth as strong as that of 
iron, the effect would have been detected. No such effect was 
observed. 


XXXIV. On the Results obtained from a Modification of Bun- 
sen’s Calorimeter. By Prof. B. Stewart and W. Stroupf. 


A DESCRIPTION of this instrument was brought before this 
Society on June 26, 1880, and afterwards appeared in the 
Proceedings of the Physical Society, vol. iv. p. 52, and 
Philosophical Magazine, vol. x. p. 171. The results ob- 
tained at that time were not very good, owing greatly to 
the large bore of the capillary tube, which necessitated the 
use of a large quantity of substance, the consequence being 
that the mercury in the bulb was so much heated that the loss 
of heat by radiation was not inappreciable during the time of 
performing the experiment. 

Since then a new instrument has been obtained from Mr. 
Casella, having a much finer capillary stem with an empirical 
scale engraved on it. By means of it very good results have 

* In this experiment I had the very efficient assistance of Mr, Arthur 


W. Wheeler, Fellow in Physics, whose untimely death is so deeply 
lamented. 


+ Read June 26, 1881. 
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been obtained with very small quantities of substances ; in 
fact, it has been found (within certain limits) that the smaller 
the mass of the substance the better. 

At first we endeavoured to make allowance for the loss of 
heat during the experiment by constructing a curve of cooling, 
and adding to the rise obtained by dropping in the substance 
the amount that had been lost while the experiment was 
being performed, according to the curve of cooling. This 
method, however, did not yield good results. 

Our final method of operating is comparative only ; that is 
to say, one metal, whose specific heat is accurately known, is 
chosen as the standard to which all other substances are re- 
ferred, and, in order that the conditions may be the same in 
all cases, we first ascertain the rise obtained by introducing 
a given weight of mercury at a given temperature (that of 
the air), and when the instrument has cooled throw in the 
substance whose specific heat is desired. During the two 
experiments the temperature of the air is usually nearly con- 
stant; and in that case no correction for temperature is 
required, 

A second point to be noted, is to put in such a weight of 
substance as will produce about the same rise as was obtained 
with the mercury. It is thus possible to make the determi- 
nation of the relative specific heats under almost precisely the 
same circumstances, a condition which is eminently conducive 
to good results. 

In practical working with the instrument the following 
hints may prove useful :— 

1. The test-tube is always filled with water to the same 
height before being cooled, this height being that of the level 
of the copper or slightly above it. 

2. About ‘6 grm. of mercury is placed at the bottom of 
the tube, unless the substance to be experimented on is 
attacked by mercury. The object of this is to allow the solids 
that are introduced to part with their heat more freely. The 
substance comes thus into much more intimate heat-contact 
with the mercury of the thermometer than it would if it rested 
upon the glass alone. If, for instance, some pieces of sulphur 
are allowed to fall to the bottom of the tube, they sink partly 
into the mercury, and quickly give up their heat to it, so 


344 ON A MODIFICATION OF BUNSEN’S CALORIMETER. | 


that it is more nearly the same as if the mercury had been 
heated. 

3. A large-sized box is employed, in which plenty of ice is 
placed, so as to completely surround the instrument. 

4. As the mercury sometimes moves very sluggishly, gentle 
tapping, not vertically, but horizontally, has been found very 
beneficial. 

We will now take an example to illustrate the method of 
working :—0°396 grm. of mercury was weighed out and 
allowed to remain for some time in contact with the bulb of a 
thermometer. Meantime the instrument was gently tapped 
and the height read. The mercury was then poured in after 
the thermometer-reading (18°°6 C.) had been taken. The 
rise obtained on the scale was 15. An experiment with iron 
was then made ; and since the specific heat of iron is about four 
times as great as that of mercury, ‘144 grm., or about one 
fourth the weight of the mercury, was taken. The tempera- 
ture was still 18°°6 ; and the maximum rise obtained was 18; 


18, 396 _ 
>. specific heat of iron ='0333 x at 
P 15 * 144 
The following results have been obtained :— 
Substance. Weight. eval ap Rise. Pres, 
{ Mereaty eine 364 | 168 | 15 
Sulphur ...... 148 17-1 32 174 
Mercury ......se.00+0: 325 | 162 | 10 | 
PRONSs Petar atecesaet 144 16:3 15 110 
Sulphur’ vrecauccdacsceet 134 16-2 22 178 
MOxGULY Yescnscasqdesees 396 18°6 15 
Brom cisissdencdasvoaaweee 144 18'6 18 “110 
Sulphur) 2).-4.s.ccasne- 081 18.6 16 174 
| MYoreuny; cas ssecasesers “400 18:0 14:5 
Bron swsoacedecncedacatmes 144 18-0 18:0 “115 
Sulphur cocsscceseees 083 18-0 15°5 175 
Mereury .....-.--.0«a-: 505 158 14:5 
BRON cccsccetnnet era 145 16:2 13°5 112 
Salphiae 7 ceececco ace 118 16:2 17-0 177 
True. 
Mean specific heat, iron...... 1118 "1138 
e sulphur +1756 1776 


